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APPLICATION OF SHORTEST-PATH NETWORK ANALYSIS TO IDENTIFY                
GENES THAT MODULATE LONGEVITY IN SACCHAROMYCES CEREVISIAE 
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A Dissertation submitted in partial fulfillment of the requirements for the degree Ph.D. 
in Integrative Life Sciences at Virginia Commonwealth University. 
 
Virginia Commonwealth University, 2008 
Major Director: Tarynn M. Witten, Ph.D 
Associate Professor, Life Sciences, CSBC 
 
          Shortest-path network analysis was employed to identify novel genes that 
modulate longevity in the baker’s yeast Saccharomyces cerevisiae.   Based upon a set of 
previously reported genes associated with increased life span, a shortest path network 
algorithm was applied to a pre-existing protein-protein interaction dataset in order to 
construct a shortest-path longevity network.  To validate this network, the replicative 
aging potential of 88 single gene deletion strains corresponding to predicted components 
of the shortest path longevity network was determined.  The 88 single-gene deletion 
strains identified by a network approach are significantly enriched for mutation 
conferring both increased and decreased replicative life span when compared to a 
randomly selected set of 564 single-gene deletion strains or to the current data set 
available for the entire haploid deletion collection.  In addition, previously unknown 
 xiv
longevity genes were identified, several of which function in a longevity pathway 
believed to mediate life span extension in response to dietary restriction.  This study 
represents the first biologically validated application of a network construct to the study 
of aging and rigorously demonstrates, also for the first time, that shortest path network 
analysis is a potentially powerful tool for predicting genes that function as potential 
modulators of aging.
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                                            Chapter 1 Introduction    
 
General Motivations    
          A major focus of aging-related studies is the identification of genes that modulate 
longevity in model systems.  Recent advances in yeast aging research, spurred by 
innovations in molecular and biochemical techniques, have resulted in identification and 
analysis of novel genes that have been associated with increased life span (Kaeberlein et 
al., 2007; Kaeberlein & Kennedy, 2005; Kaeberlein et al., 2005b).  Even so, these 
genetic discoveries were made through the narrow prism of simultaneous experimental 
and reductionist methodologies.  The glaring omission of bioinformatics methods, 
particularly with respect to the availability of advanced computational and mathematical 
algorithms to resolve gene identification problems is evident (Witten & Bonchev, 2007).  
Consequently, targeted large-scale efforts at identifying longevity associated genes 
(LAGs) continue to be hampered by lack of predictive power.  The findings reported 
here have added to the growing body of work in aging research by drawing upon an 
innovative and integrative approach to identify genes that confer longevity in yeast.  A 
novel strategy for predicting and identifying yeast genes/proteins involved in longevity 
and potentially in senescence was derived through the use of advanced network analysis 
and computational algorithmic development. The predictive capability of this strategy 
emerged from a topological analysis of specifically constructed Shortest Path Longevity 
Networks (SPLN).  Nodes or vertices in the SPLN represent both genes and 
corresponding proteins while the edges or links represent known interactions between 
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the nodes. The S. cerevisiae SPLNs were built from a core of known aging and longevity 
genes culled from extensive literature mining and exhaustive database searches.  
Predictive capability is based upon the hypothesis that proteins connecting pairs of other 
proteins, with well-established biological functions (e.g. modulating longevity), possess 
higher likelihood of sharing similar functions compared to those chosen at random in an 
organism’s overall gene/protein network (Witten & Bonchev, 2007).   
 
Yeast as a model for aging research 
          In 1959, the scientific community reacted with marked skepticism at the 
suggestion that Baker’s yeast could be employed as a model system for the study of 
aging and longevity in humans (Bitterman et al., 2003).  Today Saccharomyces 
cerevisiae is a widely accepted model in aging research (Kaeberlein et al., 2005b).   It is 
easy to see why this unicellular, eukaryotic fungus has emerged as a veritable workhorse 
in many laboratories throughout the world.  For starters, it possesses a relatively short, 
uncomplicated life cycle which facilitates rapid cultivation in large quantities using 
relatively simple media formulations.  A solitary yeast cell is capable of multiplying 
itself in both haploid and diploid phases of its life cycle (Carlile & Watkinson, 1995).  
Yeast lends itself well to micromanipulation which facilitates single-cell analysis in 
aging studies (Sherman, 2002).  Each cell divides asymmetrically to form a mother cell 
and a bud. The number of progeny produced by each mother cell is finite (Mortimer & 
Johnson, 1959).  The yeast genome has been completely sequenced and extensively 
mapped.  Consequently, many yeast genes have been shown to have orthologs in humans 
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(Gershon & Gershon, 2000).  It is reasonable to assume some conservation between 
yeast and human aging genes since their biology is fundamentally the same (Bitterman et 
al., 2003; Sinclair et al., 1998).  Certainly, this bolsters the case for using yeast as a 
model system for aging and longevity studies.  However, an elaboration is due here.  
         It has been generally understood that in order for genes to be conserved they must 
be adaptive.  There are those who believe that aging is unlike other rudimentary 
biological processes because it is probably nonadaptive – it confers no benefit to the 
organism (Kirkwood & Holliday, 1979).  Others have pointed out that “aging is at most 
a by-product of natural selection” because there’s an inherent “lack of selection for 
longer lived organisms” (Bitterman et al., 2003).  Indeed, if aging were nonadaptive or 
merely an incidental outcome of an evolutionary process, then by the conventions 
defined by that same evolutionary process, its associated genes can not be conserved 
across species.  What appears to have been overlooked in the early days of aging 
research was the fact that organisms have become practitioners of longevity through the 
evolution of a set of  genes that promote survival during stress (Bitterman et al., 2003).  
Regulation of stress response genes is a highly adaptive biological trait that evolved 
across species as a consequence of organisms’ intrinsic response to adverse conditions 
(Kenyon, 2001; Kirkwood & Holliday, 1979).  As an example, under conditions where 
the temperature exceeds the normal growth range, cells experience stress as a 
consequence of the damaging and potentially lethal effect of heat upon intracellular 
macromolecules such as heat sensitive enzymes, and cell membranes (Henle et al., 
1982).  In yeasts as well as in other species, the induction of heat shock proteins and 
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concomitant increase in intracellular levels of certain polyols such as  glycerol and 
mannitol are correlated with the acquisition of thermotolerance (Lindquist, 1986; 
Managbanag & Torzilli, 2002).  Such physiological adjustments are well-suited to the 
organism’s survival during adverse conditions (Managbanag & Torzilli, 2002).  
Members of the heat shock protein family i.e. the hsp70 family are highly conserved 
across species and are found in all living organisms (Lee-Yoon et al., 1995).  Likewise, 
the genes that encode proteins that synthesize polyhydroxy compounds are highly 
conserved in microbes, plants and animals including humans (Rathinasabapathi, 2000).   
          Yeast has been a major player in biological science’s history.   Many attributes of 
S. cerevisiae have led to the development of essential genetic tools that have helped to 
elucidate many of the important cellular processes in molecular biology and genetics.  
Some of these processes include cellular response to stress (Glover & Lindquist, 1998),  
signal transduction (Whitmarsh & Davis, 1998), intracellular protein trafficking (Kim et 
al., 1998), protein degradation studies (Xie & Varshavsky, 1999), control of cell cycle 
progression (Nasmyth, 1996), and genetic recombination (Stahl, 1996).   
           A very efficient method for determining the biological functions of newly 
identified open reading frames (ORFs) in yeast has been developed employing PCR 
targeting strategy to generate a large number of deletion strains (Baudin et al., 1993; 
Shoemaker et al., 1996; Wach et al., 1994).  Known as the S. cerevisiae Genome 
Deletion Project, the consortium has so far deleted 95% of the approximately 6200 
ORFs (Winzeler et al., 1999).  Investigators may now access more than 24,000 knockout 
strains from various culture collections i.e. the Yeast Genetic Stock Center of the 
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American Type Culture Collection (ATCC, Manassas, VA) and other microbial 
repositories in the United States and abroad.     
 20
 
                                 Chapter 2 Overview of aging theories 
 
          There are several theories of aging that dominate discussions.  A review by 
Sinclair et al., (1998) categorized the prevailing theories into two general categories: the 
first is multi-hit theories which postulates that accumulation of toxic metabolic products 
can lead to damage to cellular tissues and ultimately cell death; the second theory 
implicates genetic influences that affect the rate of cellular metabolism or rate of cell 
cycle progression.  The second theory is often referred to as the program theory and 
genetic influence theory and is founded upon the idea that organisms are programmed to 
senesce after reproduction via a process that is an extension of development.  The second 
theory predicts genetics clocks that regulate the occurence and appearance of attributes 
associated with aging.  The second theory is also a vehicle for advancing the idea that 
genes regulating homeostasis eventually become dysregulated leading to breakdown of 
the organism.  One cannot separate both theories since it may be possible, for instance, 
that DNA damage due to oxygen free radicals may precipitate the actions of a genetic 
program (Sinclair et al., 1998).   
 
Reactive Oxygen Species (ROS): Star players in multi-hit theories 
          A well-known aging hypothesis is that aging is a consequence of molecular 
oxidative damage that can eventually lead to senescence (Pacifici & Davies, 1991).  The 
origin of free radical theory of aging dates back to 1956 when Denham Harman 
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suggested that free radicals resulting from aerobic respiration cause cumulative oxidative 
damage which can then lead to aging and death (Beckman & Ames, 1998). This idea 
gained momentum and credibility with the discovery of the enzyme superoxide 
dismutase (SOD) by McCord and Fridovich (1969).  This event provided compelling 
evidence that superoxide anions could be generated in vivo.  For many years, 
gerontologists have observed that species with higher metabolic rates tended to have 
shorter maximum life span potential (MLSP); those species appeared to age quicker.  At 
the turn of the century it was even proposed that energy consumption was the cause of 
senescence.  Today, many studies in the area of molecular gerontology continue to 
advance the notion that oxygen radicals play an important role in degenerative 
senescence (Beckman & Ames, 1998).   
 
Program theories, genetic influences  
          Linear eukaryotic chromosomes contain highly specialized terminal regions called 
telomeres. These regions consist of redundant oligomeric sequences often referred to as 
TEL; as an example, the yeast TEL sequence is (5’)-G1-3T-(3,).  The need for such a 
specialized region is readily apparent when one considers the mechanism by which DNA 
is replicated:  the DNA polymerase extends the leading strand in the 5’-3’ direction until 
it arrives at the terminus of the template strand; the lagging strand, on the other hand, is 
copied in a discontinuous fashion and therefore cannot be replicated in its entirety.  
Consequently, the daughter chromatid resulting from synthesis of the lagging strand 
becomes shortened during each cell division.  A special mechanism is therefore needed 
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to preclude such an event.  The enzyme telomerase serves that purpose. It averts 
progressive shortening of the lagging strand by elongating the lagging strand template 
from its 3’ –hydroxyl end.  It does this by polymerizing deoxyribonucletides at its 
catalytic site using RNA template.  Telomerase adds copies of the repeating unit to the 
3’ end of the lagging strand via 5’-3’ synthesis which subsequently forms a free 3’-OH 
end that serves as binding site for DNA polymerase to fill the gap (Klug & Cummings, 
1997; Lodish et al., 1995).  Telomere length has been shown to influence many 
intracellular processes:  tumorgenesis (de Lange, 1994), human leukocyte differentiation 
(Weng, 2001) and of course aging and senescence (Aviv, 2004; Banks & Fossel, 1997; 
Von Zglinicki, 1998).   A model suggesting that teleomere length and telomerase activity 
determine the replicative capacity of mammalian cells certainly sounds interesting.  
However, some findings have cast doubts on the strength of this model (Sinclair et al., 
1998).  For example, it has been shown that some immortalized cell lines can continue to 
maintain telomere length devoid of telomerase expression (Bryk et al., 1997).  Bodnar et 
al. (1998) reported that early generation of mice lacking telomerase did not manifest 
phenotypic attributes associated with aging.  In yeast, it has been shown that a 
mechanism associated with double stranded break repair can promote immortalization in 
the absence of telomerase activity (Maringele & Lydall, 2004),  and telomere length may 
not play a role in the natural aging process of individual yeast cells (D'Mello & 
Jazwinski, 1991).   
         There is considerable evidence that lifespan may be manipulated genetically 
(Thakur et al., 1993).  For example, it has been shown that genes in C. elegans appear to 
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prolong lifespan by slowing the overall metabolic rate (Dorman et al., 1995; T. E. 
Johnson & Friedman, 1988); mutations that reduce the insulin/IGF-1 signaling appears 
to double the lifespan and slows down the rate of tissue decline in this nematode model 
(Garrigan et al., 2002).  This finding has been extended to other model systems such as 
yeast, fruit fly and rodent (Barbieri et al., 2003).  In mice, it has been shown that 
targeted gene disruption of the gene encoding DNA topoisomerase III ß can develop into 
maturity but present with reduced mean lifespan (Kwan & Wang, 2001).  Via selective 
breeding, long-lived strains of Drosophila have been produced (Luckinbill et al., 1984; 
Rose & Archer, 1996; Rose & Charlesworth, 1981), while drop dead strains that present 
with age-related phenotypes and die immediately after coming out of the pupa have also 
been generated (Rogina et al., 1997). In yeast, a point mutation resulted in loss of age 
asymmetry between mother and daughter cell resulting in the latter being born old (Lai 
et al., 2002).  More discussions on genetic influences upon aging will be presented 
elsewhere in this thesis.  
          Many morphological and physiological changes characterize aging and senescence 
in Saccharomyces cerevisiae.  An example of such changes is the apparent increase in 
generation time with age that serves as a biomarker for the aging process.  Jazwinski 
(1990) first suggested that the observable increase in generation time revealed the 
workings of a “senescence factor(s), which is likely to be a product of age-specific gene 
expression.”  Aging and senescence in yeasts could therefore be governed by 
mechanisms comprised of a stochastic trigger and a deterministic effector.   Egilmez and 
Jazwinski (1989) determined the life span of individual S. cerevisiae cells by quantifying 
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the number of buds produced as a measure of cell generations prior to death.  They 
showed that the generation times of daughter cells were identical to that of their mothers 
in the course of the mother’s life span.  But when daughter cells were separated from 
their mothers within two to three cell generation times, the investigators noted that the 
daughters’ generation times reverted to that which was typical of their age.  Their 
findings suggest that senescence, as exhibited by a marked increase in generation time, is 
a phenotypically dominant attribute in S. cerevisiae.  Furthermore, this attribute is 
determined by a diffusible cytoplasmic factor(s) that can undergo turnover and can be 
conveyed by a cell not only to its daughters but also to its granddaughters in an indirect 
manner.       
                                                   
Definition and Characteristics of Replicative Aging in Yeast 
          Replicative lifespan in yeast is defined as the number of divisions a cell goes 
through before it attains senescence (Bitterman et al., 2003; Gershon & Gershon, 2000; 
Jazwinski, 2000), where senescence is defined as the state wherein cells lose their ability 
to divide.  A characteristic of Saccharomyces cerevisiae that makes it unique compared 
to other eukaryotic cells is its asymmetric cell division.  Such a unique characteristic 
enables investigators to easily distinguish progeny from progenitor.  In most cases, the 
daughter cell is smaller than the mother cell.  Separation of one from the other is usually 
accomplished with a microdissector. Each mother cell can undergo approximately 20 
divisions before dying.  Table 1 lists the average and maximum replicative lifespans of 
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widely used wild-type haploid yeast strains as determined on 2% complete glucose 
medium. The table is modified from (Bitterman et al., 2003).   
 
                                                      Table 1 
        Average and maximum replicative life-spans of selected yeast strains 
 
                                            Number of cell divisions 
S. cerevisiae strain           Average        Maximum               Reference 
        PSY142                           29                  55                (Kennedy et al., 1995) 
        BY4742*                         26.5              57                 (Kaeberlein et al., 2005b)   
        X30           24                 42                (Mortimer & Johnson, 1959) 
        PSY316                            22                 34                (Bitterman et al., 2002) 
         DBY747                          22                32                 (Kennedy et al., 1995) 
         SP1                                  12                22                 (Jiang et al., 2002) 
*Was not in original table. It was added later from cited source.  
 
Fragmentation of nucleolus 
          The nucleolus is a cellular structure located within the nucleus that contains rDNA 
genes and other components needed to assemble the ribosome (Lodish et al., 1995).  
Yeast chromosome XII has 100-200 tandemly repeated copies of a 9.1-kb unit.  This 
topology has been shown to produce extrachromosomal rDNA circles (ERCs) that 
accumulate leading to fragmentation and of the nucleolus and relocalization of Sir3.  
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This event is very salient in old cells where enlargement and fragmentation of the 
nucleolus into many rounded structures has been reported (Sinclair et al., 1997).   
          A model of yeast aging, as a consequence of  accumulation and aggregation by 
ERCs, was described by Sinclair and Guarente (1997).  Briefly, the triggering event of 
aging is the generation of ERCs by homologous recombination of the tandem repeats 
within rDNA array on chromosome XII.  The excised DNA circles are inherited by 
daughters of old mother cells as a consequence of the breakdown in the symmetry of 
inheritance.  These repeats are quickly regenerated by amplification of the repeats that 
already exist.  ERCs are replicated during the S-phase of yeast’s cell cycle and are 
maintained, for the most part, within the mother cells.  Their accumulation in mother 
cells is exponential resulting in the observed characteristics predicted by this model:  
cellular senescence, stoppage of cell division and fragmentation of the nucleolus.  It 
must be noted however, that some do not see ERCs as sufficient to cause aging.  In a 
review on aging and longevity, Jazwinsky (2000) pointed out that induction of the 
retrograde response extends life span in yeast but also results in production of rDNA 
circles. 
 
Changes in Metabolism 
          A connection between life span and metabolism in Saccharomyces cerevisiae has 
been reported by Lin et al., (2001).  For this study, Lin et al. employed the Snf1p 
glucose sensing pathway of the yeast to elucidate the genetic and biochemical linkages 
between glucose metabolism and aging.  A serine/threonine kinase, Snf1p regulates 
 27
cellular response during glucose deprivation.  Extension of generational life span is 
associated with loss of Snf4p, an activator of Snf1p, while accelerated aging is 
associated with loss of Sip2p, a known repressor of Snf1p (Ashrafi et al., 2000).  Using a 
combination of methods that included DNA microarray and microanalytic biochemical 
methods, they concluded that gluconeogenesis and glucose storage increased as wild 
type cells aged and that the “metabolic evolution is exaggerated in rapidly aging sip2∆ 
cells and that it is attenuated in longer lived snf4∆ cells”.  Clearly, there was a marked 
shift in the yeast’s metabolic response from expending energy towards energy storage as 
the cell aged.  
 
Bud scar accumulation 
          Budding in S. cerevisiae commences with the constriction of the boundary 
delineating the daughter cell from the mother cell.  This “pinching off” process leaves a 
permanent, circular, and chitinous remnant on the surface of the mother cell called a bud 
scar.  During the course of successive cell divisions, the bud scars accumulate on the 
cellular surface providing a convenient marker for quantifying cell divisions realized by 
each cell.  Previous budding sites are seldom reused (Bitterman et al., 2003).  It had been 
suggested that the accumulation of bud scars could impose a theoretical upper limit upon 
the cell’s replicative potential (Cabib et al., 1974), however, studies performed on wild 
type yeast  indicated that accumulation of bud scars does not promote senescence in 
those strains.   One plausible reason is that cell wall biosynthesis does not appear to be 
related to most of the mutations implicated in longevity or life span extension.   Another 
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reason is the simple observation that a single bud scar occupies approximately 1% of 
available cell surface allowing for a maximum theoretical limit of at least 100 divisions. 
However, most laboratory strains have an average life span of 20 to 30 divisions (See 
Table 1) (Sinclair et al., 1998).  Finally, it has been shown that elevating the deposition 
of chitin in the cell wall does not adversely affect yeast longevity or life span (Egilmez 
& Jazwinski, 1989).    
 
Increased size 
          Mother cells increase in size after four or five divisions leading investigators to 
hypothesize that a cause of aging may be the imposition of a critical upper limit on size 
(Mortimer & Johnson, 1959).  This seemed plausible because at least in theory an 
increase in cell volume could greatly limit intracellular nutrient diffusion.  However, a 
study showed that cells that were arrested for various time periods during G1 phase of 
their life cycle remained metabolically active and continued to increase in size.  Upon 
release from G1 arrested state, the cells that had increased in size manifested similar life 
span potential with the cells in the control group (Kennedy et al., 1994).  
 
Loss of asymmetry 
          As mother cells grow very old they give rise to large, short lived daughter cells 
that often fail to separate from the mother cell until  their sizes are similar (Jazwinski et 
al., 1989; J. R. Johnson, 1966; Kennedy et al., 1994).  In separate reviews, Bitterman et 
al. (2003) and Sinclair et al. (1998) wrote that loss of asymmetry in yeast cells provides 
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a strong argument for ERC model  described previously.  The diffusible senescence 
factor would be equally distributed between mother and daughter cell which could 
account for the decreased replicative potential manifested by the latter.   
  
Silencing and loss of fertility 
          Silencing is a form of transcriptional repression characterized by the conversion of 
chromosomes into a transcriptionally inert chromatin structures (Kasulke et al., 2002; 
Loo et al., 1995).  Silencing in Saccharomyces cerevisiae has been identified in three 
classes of DNA regions: the silent mating type loci HML and HMR, in subtelomeres, 
and in rDNA loci (Kasulke et al., 2002).  In young, fertile cells the homothallic mating 
type loci HML and HMR remain transcriptionally silent due to the formation of 
heterochromatin-like structures across the loci.  Repression at these loci requires 
silencers that flank each HM locus.  Silencers are small nucleotide sequences that serve 
as binding sites for DNA binding proteins (Rap1 and Abf1) and origin recognition 
complex.  Additionally, other proteins including Sir1 through Sir4 and Histones H3 and 
H4 are also required for transcriptional silencing at these loci (Xin et al., 1999).  Old 
yeast cells become sterile when they fail to undergo silencing at the cryptic mating type 
loci HMRa and HMLα thus simultaneously expressing both a and α information 
(Muller, 1985; Smeal et al., 1996). Silencing at the subtelomeric region and rDNA 
involves some of the genes required for silencing in HML/HMR suggesting that all could 
share attributes associated with chromosome organization and metabolism (Bryk et al., 
1997; Loo et al., 1995; Sandmeier et al., 2002; J. S. Smith & Boeke, 1997)
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                    Chapter 3 Regulation of replicative aging in S. cerevisiae 
 
Calorie restriction (CR) and the role of SIR2 
          Calorie restriction (CR) can be defined as the reduction of caloric intake in an 
organism’s dietary regimen without experiencing malnutrition (Jiang et al., 2000; 
Koubova & Guarente, 2003).   The idea that CR slows down the aging process and 
extends life span harkens back to the 1930s from an investigation on rodents by McCay 
and colleagues (Heilbronn & Ravussin, 2003).  For years, numerous studies employing 
S. cerevesiaie as model system have confirmed that life span was increased when 
glucose concentration in culture medium was decreases. For example,   Jiang et al., 
(2000), showed that a progressive decrease in glucose concentration of modified broth 
increased the mean life span of the yeast cells by as much as 59%.  They also observed a 
corresponding increase in maximum life span by as much as 75%.  In synthetically 
defined medium routinely used for propagating yeasts, they reported an 81% increase in 
mean life span but observed an abrogation of the response when glucose concentration 
was reduced to <0.01%.  Clearly, glucose became a limiting factor when given at or 
below that concentration. A mark of aging in yeast is the salient increase in generation 
time, typically defined as the interval between cellular budding (Egilmez & Jazwinski, 
1989) which can be measured by counting the cumulative buds produced by each mother 
cell. Jiang and colleagues reported that as a consequence of glucose reduction, the rate of 
bud production was delayed. This represented objective evidence that the generation 
time of cells was postponed as a consequence of CR in yeast.  There was, however, a 
 31
notable caveat to their findings where data obtained from the standard broth was 
concerned.  They found that extension of life span as a consequence of reduced glucose 
concentration was only effective when concentrations of peptone and yeast extract were 
lowered also.  This raised an obvious question:  namely, could adjusting the 
concentrations of other nutrients, particularly amino acids likewise increase the mean 
life span of the yeast? Decreasing the concentration of amino acid while keeping the 
glucose concentration of the growth medium the same manifested an increase in mean 
life span by as much as 95%.  This finding led them to conclude that life span extension 
for yeast is a product of caloric restriction rather than reduction of specific nutrients 
(glucose or amino acids) in the growth medium. 
         The SIR2 (silent information regulator) gene encodes the silencing protein Sir2, a 
member of the conserved sirtuin family of NAD+ -dependent deacytelases.  Other 
members of this family include SIR- 2.1, an enzyme found in C. elegans that regulates 
life span, and SIRT1, a deacytelase found in human that acts upon the p53 tumor 
suppressor protein (Howitz et al., 2003).  The details of how Sir2 is activated within the 
construct of CR that leads to regulation of longevity in yeast continue to elude many 
investigators (Jazwinski, 2004; Koubova & Guarente, 2003).   Consequently, the 
landscape is saturated with different mechanistic explanations as to how caloric 
restriction slows aging as a consequence of Sir2 activation.  One model proposed by Lin 
et al. (2002) argued that slowing of carbon flow during glycolysis, an increase in the 
ratio of NAD/NADH, or both, could contribute to the activation of Sir2.  The glycolytic 
pathway yields pyruvate molecules that can proceed either to fermentation or respiration.  
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Respiration is  far more efficient than fermentation in terms of generating energy in the 
form of ATP (Stryer, 1995).  It has long been observed that S. cerevisiae exhibits the 
Crabtree effect – the production of ethanol in aerobic conditions when glucose 
concentration is high.  Therefore fermentation is the preferred fate of glucose in yeast 
(Carlile & Watkinson, 1995).  However, when glucose concentration is lowered, yeast 
cells respond by shunting available carbon to the CTA pathway in order to optimize 
ATP production via the more efficient respirative pathway (Koubova & Guarente, 2003).  
The shift from fermentation to respiration is a necessary step towards extending life span 
in yeast.  It has been postulated that the shift from respiration to respiration converts 
more NADH to NAD resulting in an increase in NAD/NADH ratio which in turn 
activates Sir2 in yeast (Lin et al., 2002).  This “enhanced respiration model,” postulated 
by Lin and colleagues has not gone unchallenged.  It has been shown that yeast cells 
grown on a non-fermentable carbon source that results in respiratory growth do not 
manifest extended life span (Jazwinski, 2004).  It has also been shown that CR confers 
increased life span in respiratory-deficient yeast independent of strain background 
(Kaeberlein et al., 2005a).   
           It has also been suggested that CR induces activation of Sir2 because an increase 
in respiration decreases the rate of glycolysis.  Not surprisingly, the details of the 
mechanism are still unknown.  Nevertheless, one should now be able to observe that life 
span extension in yeast is a regulated response in which Sir2 plays an important role. 
Moreover, the regulation must be somehow associated with changes or modifications in 
the organism’s metabolism (Jazwinski, 2004; Koubova & Guarente, 2003).   
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Target of Rapamycin (TOR) pathway 
          The nutrient-responsive TOR signaling pathway is an important mediator of both 
replicative and chronological lifespans in yeast (Kaeberlein et al., 2007).  Decreasing 
TOR activity through mutation increases the replicative and chronological lifespans of 
yeast (Kaeberlein et al., 2006; Powers et al., 2006).  Decreased TOR activity has been 
shown to increase lifespan in worms and flies (Kaeberlein et al., 2007).  This result 
suggests an evolutionarily conserved role for TOR as an important mediator that links 
nutrient status to longevity.  In yeast, TOR functions - in cooperative fashion with Sch9 
and protein kinase A (PKA) - to coordinate response to intracellular fluctuations of 
glucose and nitrogen levels (Kaeberlein et al., 2007).   TOR kinase is activated when 
nutrients are available.  This results in progression of cells to G1 stage, translation 
initiation, increase of ribosome biogenesis, suppression of autophagy and inhibition of 
stress response.  On the other hand, TOR kinase is inactivated by caloric restriction or by 
exposure to rapamycin (a TOR inhibitor).  Inactivation of TOR results in reduction of 
protein translation and cell growth, increase in protein turnover and genes that promote 
cellular stress response.  Such cellular activities have been shown to increase both 
replicative and chronological lifespans in yeast (Kaeberlein et al., 2007).         
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The role of Nicotinamide 
          A by-product of Sir2-catalyzed deacetylation is nicotinamide. It is a form of 
vitamin B3 commonly employed for treating such maladies as psychosis, osteoarthritis 
and anxiety.  Recently, nicotinamide has been used in clinical trials as therapy for type I 
diabetes and cancer (Bitterman et al., 2002; Kaanders et al., 2002).  In yeast, as in most 
organisms, the NAD+ salvage pathway produces nicotinamide from cleavage of NAD+ 
which is then converted to nicotinic acid by a nicotinamidase called Pnc1. Nicotinic acid 
then undergoes conversion to nicotinic acid mononucleotide by a 
phosphoribosyltransferase encoded by NPT1 (Bitterman et al., 2002).  Andersen and 
colleagues (2002) demonstrated that increasing the dosage of genes involved in NAD+ 
salvage pathway increases the silencing at the telomeres, the rDNA locus and mating 
type loci.  Additionally, they showed that a single extra copy of the NPT1 gene extends 
life span by as much as 60% without increasing the NAD+/NADH ratio or total steady 
state NAD+ levels.  Their findings suggest that the regulation of Sir2 may be 
accomplished by either changes of NAD+ availability in the nucleus or by levels of an 
inhibitory agent.  In a later study, Bitterman et al. (2002), examined whether or not 
nicotinamide, a product of deacetylation could be a negative regulator (the 
aforementioned inhibitory agent) of Sir2.  They showed that nicotinamide is a powerful 
inhibitor of silencing at yeast rDNA locus, telomeres, and mating type loci.  They also 
found that nicotinamide increases recombination at rDNA locus which leads to increased 
production of ERCs.  Finally, they found that physiological concentrations of 
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nicotinamide inhibit Sir2 in vitro leading them to infer that nuclear nicotinamide may be 
a negative regulator of Sir2 in vivo.  
 
Retrograde response and the role of RTG2 
          The retrograde response pathway is a mode of communication between the 
mitochondria and the nucleus that is triggered by mitochondrial dysfunction (Jazwinski, 
2005). Kirchman and colleagues (1999) showed that retrograde response confers 
longevity upon yeasts from different strain backgrounds because it extends their 
replicative capacity and also delays their senescence. Retrograde response can be 
observed in petite yeast cells. These are cells that have mutations in their nuclear genes 
that encode a subset of proteins that ensure proper mitochondrial function (Kirchman et 
al., 1999) or cells that have undergone massive deletion in their mitochondrial DNA and 
therefore are incapable of synthesizing certain mitochondrial proteins (Morimoto et al., 
1979).  Among the proteins that take part in retrograde response are: Rtg2, transcription 
factor Rtg1-Rtg3 (which is activated by Rtg2), and Ras2 which serves as potentiator of 
the pathway (Jazwinski, 2005).  Deletion of RTG2 gene decreased the yeast’s replicative 
capacity (Kirchman et al., 1999).  Activation of retrograde response in yeasts brings 
about a higher than usual steady state level of ERCs (Conrad-Webb & Butow, 1995) 
which can lead to cell death (Sinclair & Guarente, 1997).  The Rtg2 protein has been 
shown to suppress formation of ERCs, but it is unable to play dual roles concurrently- 
that of facilitator of retrograde signaling process and as inhibitor of extra chromosomal 
rDNA circles (Borghouts et al., 2004).  This may be because Rtg2 plays numerous roles 
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in other cellular protein complexes, and its amount appears to be limited so as not to be 
able to participate in both activities at the same time (Jazwinski, 2005).  Kirchman and 
colleagues (1999) have shown that nullifying the cell’s retrograde regulation via 
knockout mutant (rtg∆) eliminates life extension but does not compromise the process 
that maintains basal life span.  This suggests that retrograde response is required for life 
span extension and plays a role in limiting for longevity.  Their findings demonstrate that 
interorganelle signaling is one of the mechanisms that determine longevity.   
 
Definition and Characteristics of Chronological Aging in Yeast 
          Non-dividing yeast cells are capable of maintaining viability over time (Piper, 
2006).  Yeast cells will continue to grow rapidly in culture medium until nutrients have 
been exhausted. Upon nutrient exhaustion, yeast diploid cells may move into a state of 
dormancy characterized by production of stress resistant spores that allow them to 
remain viable in the absence of substrates for very long period (Werner-Washburne et 
al., 1993).  Haploid cells are incapable of such a physiological adjustment.  Instead they 
enter a low metabolic state called stationary phase where they can remain viable for 
months.  Continuous maintenance of high metabolic state can be induced in haploid cells 
when propagated in synthetically defined medium.  In this low nutrient condition the 
cells have a mean life span of about six days (Longo & Fabrizio, 2002). Chronological 
life span is typically measured in these conditions because the high metabolic state of the 
cells mimics the postmitotic cellular status of other organisms (Bitterman et al., 2003; 
Piper, 2006).  In chronological aging studies, cell survival is monitored until 99% of the 
 37
population is no longer viable (Fabrizio et al., 2005).  Upon entry into stationary phase, 
the yeasts undergo salient physiological changes such as thickening of cell walls 
(Werner-Washburne et al., 1993),  undergo regulated arrest of cell proliferation, increase 
their intracellular levels of certain polyhydroxy compounds, undergo induction of certain 
proteins, including some  members the heat shock proteins family, and increase their 
ability to withstand elevated temperatures (Drebot et al., 1990; Yaguchi & Tsurugi, 
2003).  It seems likely that the aforementioned physiological properties of yeast in 
stationary phase are not consequences of being in stationary phase but rather they are 
consequences of the stress conditions brought about by stationary phase (Drebot et al., 
1990).  How yeast cells respond to starvation or nutrient stress depends partly upon an 
adenosine 3’, 5’ –monophosphate (cAMP) effector pathway.  A crucial element of this 
pathway is the Cdc25 protein which activates the Ras2 G protein which in turn 
stimulates adenylyl cyclase, the gene product of CYR1.  It has been shown that 
decreasing the activity of cAMP-mediated pathway by conditional mutations in either 
CDC25 or CYR1 results in regulated stoppage of cell proliferation presumably due to 
the effect upon nutrient status signaling.  Cells arrested during proliferation by cdc25 or 
cyr1 mutations manifest properties attributed to cells in stationary phase (Drebot et al., 
1990).   
          It is worth noting that S. cerevisiae is capable of exhibiting stationary phase 
properties during exponential growth phase (Lewis et al., 1995). During exposure to 
sublethal heat, also known as heat shock, both prokaryotic and eukaryotic cells respond 
by undergoing rapid and massive synthesis of a heat shock proteins which can confer 
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thermotolerance to subsequent exposure to lethal temperature (Lindquist, 1986).  In S. 
cerevisiae, two major cellular responses have been shown to counteract the lethal 
physiological effects of heat: induction of heat shock proteins and an increase in the 
intrinsic syntheses of the polyhydroxy compounds trehalose and glycogen (Attfield, 
1987; Werner-Washburne et al., 1993).  For such cells, these responses are merely 
transient and pose no long term effect upon cell proliferation (Drebot et al., 1990).   
 
Reactive oxygen species (ROS) and chronological aging 
          As discussed previously, aging may be a consequence of molecular oxidative 
damage that can lead to senescence (Pacifici & Davies, 1991).  The origin of free radical 
theory of aging dates back to 1956 when Denham Harman suggested that free radicals 
resulting from aerobic respiration cause cumulative oxidative damage which can then 
lead to aging and death (Beckman & Ames, 1998). This idea gained momentum and 
credibility with the discovery of the enzyme superoxide dismutase (SOD) by McCord 
and Fridovich (1969).  This discovery provided compelling evidence that superoxide 
anions could be generated in vivo as primarily a consequence of mitochondrial 
respiration (Longo et al., 1996).  Chronological life span is more ideal than replicative 
life span for studying the adverse effects of ROS because it allows for longer stress 
periods and the damages aren’t rapidly diluted by the production of new macromolecules 
that are requires for rapid growth during proliferative phase (Longo, 1999).  Studies 
using chronological life span model system in yeast have shown that cytoplasmic and 
mitochondrial superoxide dismutases, SOD1 and SOD2 respectively, are required for 
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long-term survival of the cells in stationary phase (Longo et al., 1996).  The link 
between long-term survival during stationary phase and the apparent requirement for 
expression of both genes helped fuel speculation that extensive free-radical damage is 
the cause of chronological death (Bitterman et al., 2003).  Longo and colleagues (1996) 
used strains lacking copper-zinc superoxide dismutase (CuZnSOD, a product of SOD1 
gene) and manganese superoxide dismutase (MnSOD, a product of SOD2) to elucidate 
the role of antioxidants in yeast during stationary phase (10-45 days).  Their results 
showed that during high aeration, a knockout of either SOD gene resulted in loss of 
viability that was observed over the first week of propagation with the SOD1 mutant 
manifesting the defect more than the SOD2 mutant.  In low aeration, the effect was 
reversed; the SOD2 mutant exhibited longer viability than the SOD1 mutant.  The 
double knockout yeast strain died within a few days.  Later studies have shown that 
overexpression of both genes conferred up to 30% chronological survival rate to the 
yeast transformants (Fabrizio et al., 2001).  (It is worth noting that yeast mutants 
containing the human anti-apoptotic protein, Bcl-2 were able to survive at the point of 
entry into stationary phase and to some extent showed an improvement in their long term 
survival in stationary phase (Longo et al., 1997).  This suggests homologies of sequence 
between human Bcl-2 and the SOD genes. A homology of sequence has also been 
reported between maize and yeast (Zhu & Scandalios, 1992).  In that study, a MnSOD-
deficient yeast was transformed by introduction of maize Sod3 which rendered the yeast 
cells resistant to paraquat-induced oxidative stress.) There is, however, a corollary to 
overexpressing the SOD2 gene in S. cerevisiae.  Harris et al. (2003), have reported that 
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overexpression of  MnSOD (which increases chronological life span) dramatically 
decreases the replicative life span of the cells.  They have noted also that the observed 
reduction in replicative potential occurred independently of Sir2p.  This result has lead 
them to surmise that the reduction in replicative life span is not associated with the rate 
of ERC production, rather it appears that it is a result of mitochondrial defects within the 
mother cells.  
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                      Chapter 4 Biological networks and the study of aging 
 
From Euler to the Present 
          Graph theory is generally regarded as a subject derived from the rigorous 
disciplines of mathematics and physics (Newman et al., 2006).  It is synonymous with 
what is now called network theory in Systems Biology.  The origin of network analysis 
can be traced back to 1736 when the great mathematician Leonard Euler decided to take 
on a mathematical riddle called the Königsberg Bridge Problem. The city of Königsberg 
is situated along the bank of the Pregel River, with some portions of the city spread 
across two islands in the middle of the estuary in what was once Prussia (now 
Kaliningrad, Russia).  The land masses were linked by seven bridges (see Figure 1).  The 
riddle asked, “Is there any single path that traverses all seven bridges exactly once?” It 
was said that many of the city’s residents had been prone to pondering the existence of 
such a path until Euler proved the improbability of its existence (Newman et al., 2006).  
To prove his conclusion Euler created a graph – a mathematical structure composed of 
vertices (nodes) and links (edges) that models relationships between objects of a set 
(Bondy & Murty, 1976).  By implementing a graph theoretic approach to solving the 
riddle (Figure 2), Euler had abstracted the minute details of the problem and had reduced 
it to very simplified terms. He had it decomposed to just vertices and nodes (Newman et 
al., 2006).  Since the era of Euler, graph theory has been employed in a multitude of 
disciplines from computer science to sociology. Some notable applications include the 
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analysis of the world wide web (Barabasi & Albert, 1999),  studying the web of human 
sexual contacts (Liljeros et al., 2001), modeling the spread of computer viruses (Pastor-
Satorras & Vespignani, 2001), and modeling the spread of infections (Kuperman & 
Abramson, 2001). 
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                                                        Figure 1 
                       City of Königsberg circa 1800s with its seven bridges   
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                                                        Figure 2  
                                A graph theoretic representation of Figure 1 
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Aging and networks 
          Generation of large biological data sets by high-throughput methodologies has 
brought network theory to the fore as an increasingly vital tool for the analysis and 
interpretation of information (Carter, 2005).  As the technical acumen for characterizing 
protein complexes has advanced, so has the feasibility of building large scale networks 
of protein interactions (Bonchev, 2004).  With the application of network theory, a 
preponderance of biological interactions types has been revealed: transcriptional 
regulation, genetic interaction, protein-protein interaction, expression correlation and 
sequence homology.  Additionally, redundant patterns of associations called network 
motifs have been discovered in intracellular processes (Zhang et al., 2005).   Cellular 
functions are precipitated largely by the diverse interactions of genes and proteins which 
can occur across both multiple hierarchical levels and numerous timescales (Witten & 
Bonchev, 2007).   
         In Gerontology, the study of longevity and senescence is currently dominated by 
methodologies that are both experimental and reductionist.  Investigators have not yet 
fully incorporated the sophisticated graph theoretic approaches and advanced computer 
algorithms for the construction and analysis of networks that may define the aging 
dynamics (Witten & Bonchev, 2007).  Consequently, peer-reviewed papers on this 
subject are still few.  
         The importance of employing an integrative or “systems” approach to aging 
studies was demonstrated early in the 1980’s by Witten (1984; 1985a; 1985b).  In this 
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series of papers, Witten proposed that networks could be used to analyze survival of 
complex living system networks.  She demonstrated, using graph-theoretic extensions of 
MR systems theory, that networks with certain properties contained nodes that are 
central to the function of the network.  This series of papers represents the first 
application of graph theory to the study of aging networks and the first theoretical proof 
of the existence of central network nodes.  Following Witten’s work, Franceschi (1989), 
proposed a general theory (the network theory of aging) suggesting that a network of 
cellular and defense mechanisms indirectly regulated aging.  The theory synthesized 
prevailing understanding of aging derived from evolutionary theories with cellular and 
molecular biology data (Franceschi et al., 2000) but did not employ rigorous network 
theoretic approaches and computational biology methodologies, perhaps due to limited 
technology at the time. A key point in Franceschi’s 1989 paper was summarized a 
decade later by Franceschi et al. (2000). They highlighted the need for an integrative or 
systems approach towards elucidating the cellular processes that promote aging: “These 
mechanisms are in fact interconnected and integrated and constitute a network of 
cellular defense system; they have to be considered together and not one by one.  These 
considerations may explain the failure of all attempts to correlate aging and/or longevity 
with the efficiency of a single defense mechanism, e.g. DNA repair or antioxidants, and 
senescence or maximum life span.”  
           More recently, a network approach towards elucidating some facets of replicative 
aging in yeast can be found in the work of Promislow (2004).  He had wanted to know if 
genes that play roles in replicative senescence in yeast comprised a non-random sample 
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of total genes in terms of their connectivity (synonymous with vertex degree, 
connectivity is defined as the number of links or edges incident to a node). Promislow 
reported that proteins associated with replicative aging revealed a pattern of high 
connectivity in the protein-protein interaction (PPI) network that was not due to chance.  
In addition, he reported that there was a positive correlation between connectivity and 
degree of pleitropy.  In other words, the more connected genes tend to link with multi-
function genes rather than link with single-function genes.  Promislow did not detail the 
predictive implications of his work towards identifying novel aging genes.  He merely 
noted that in searching for potential candidates “one should focus on proteins with 
relatively high connectivity and/or a high degree of pleitropy.”   Ferrarini et al. (2004) 
proposed a novel strategy for identifying aging genes employing connectivity as the only 
topological descriptor.  Like Promislow (1989), they found that genes implicated in 
aging have, on average, a high degree of connectivity. They then applied this attribute 
towards optimizing a search algorithm for aging genes.  However, they admitted that 
their model had limitations.  They realized, for example, that in establishing predictive 
mechanisms “other network properties beside local connectivity might be important”.  
Independently and in parallel with the work of both Promoslow and Ferrarini, Witten 
and Bonchev (2007) developed a more complex data analysis pipeline and set of 
topological desciptors that they applied to the analysis and prediction of aging and 
senescence genes/proteins in the nematode Caenorabditis elegans.  This thesis research 
effort was conducted with the understanding that compositional and topological 
complexity of networks associated with aging and/or longevity can be better assessed 
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using a multifaceted (systems) approach that included various compositional and 
topological descriptors borrowed from graph theory and information theory as well as 
data mining and computational tools commonly employed in the fields of Bioinformatics 
and Computational Biology.
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               Chapter 5 Complexity Analyses and Network Comparison 
 
           The post-genomic era in Biology and Biomedical Science has ushered in a new 
challenge: how to make sense of the complex networks of proteins, genes, and a plethora 
of small molecules that comprise the essence of form and function in all living matter.  
Today, thousands of interaction data for humans and for most of the widely used model 
systems have been made available for public perusal. The recent advances in data 
mining techniques, yeast two-hybrid assays, immunoprecipitation methodologies and 
mass spectrometry practices (Sharan et al., 2005) have provided us with the bulk of this 
dadtabase information.  Contrast this current scenario with five years ago when no more 
than several hundred interaction data sets were accessible by researchers (Sharan & 
Ideker, 2006).  The exponentially increasing number of available interaction data has 
revealed the need for novel strategies and theoretical constructs to filter and organize 
these newly discovered pathways into a coherent functional framework.   
 
Modularity 
          Frequently, a network may be divided into discrete community structures (sub-
networks) such that a higher density of links exists between components of each 
community than between the actual communities themselves (Newman, 2006).  Each 
discrete sub-network carries out a set of tasks easily distinguishable from those set of 
tasks carried out by a different sub-network (Ravasz et al., 2002). The metric that 
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assesses whether such a division of a network is a good one (that is, there are many links 
within the communities and only a few between them), is called modularity, Q (Clauset 
et al., 2004). It is defined as follows: 
                                                )( 21aeQ
i
ij −∑=      (1) 
Where eij is one-half the fraction of edges in the network, and ai is the fraction of all 
edges that are attached to vertices in group (or sub-network) i.  
 
The algorithm employed to derive Q assumes that any network always yields some 
division of the vertices into communities regardless of whether the network possesses 
any natural divisions (Newman, 2004).  Many networks tend to undergo natural 
decomposition into sub-networks, modules or communities:  computer networks, social 
or friendship networks, food webs, and metabolic and regulatory networks (Guimera & 
Amaral, 2005; Newman, 2006).  There are practical applications associated with 
detecting and analyzing network modules.  A marketing strategist, for example, might be 
interested in the types of modules that pervade the worldwide web because they may 
offer a glimpse of any particular market segment and help elucidate the functions of the 
components that define that segment.  Similarly, a biologist might be interested in 
assessing a particular biochemical network’s dynamics at the modular level where 
diverse groups of nodes carry out diverse functions with relative independence.  In a 
yeast network, such modules could represent diverse protein complexes operating as 
functional units that carry out such tasks glucose repression, cell wall synthesis and 
transcription initiation.   In their work, which focused upon the signaling sub-network 
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that controls morphological transition of yeast to filamentous phase, Rives and Galitsky 
(2002) demonstrated that such a sub-network not only formed a distinct community, but 
it also contained module-organizer proteins and module connector proteins that 
functioned as conduits for intermodule communication.   
 
Fragility, robustness and scaling                                        
          Many complex systems manifest a surprising degree of tolerance against random 
errors but not against targeted attacks (Witten & Bonchev, 2007).  For example, a vast 
communication network such as the worldwide web exhibits resilience against local 
failures which rarely result in loss of the global information conveying capacity of the 
network.  This robustness is not shared by all redundant networks but it is prominent 
only in networks that are wired in an inhomologous manner (Albert et al., 2000).  In 
biological networks, Han et al. (2004) suggested a link between the potential scale-free 
topology of an interactome network and genetic robustness by reasoning that the 
knockout of yeast genes encoding hubs is approximately three times more likely to result 
in  lethality than the knockout of none hubs.  It seems obvious that the key to topological 
robustness is the scale-free topology of complex networks.  Here, the scale-free topology 
manifested by PPI interactions of of the collection of aging-associated genes confers 
robustness to the SPLN.  A salient attribute of scale-free networks is the existence of 
hubs- a few highly connected nodes that connect everything together (further description 
in chapter to follow).  But that’s not all there is.  A scale-free network must have also a 
preponderance of poorly connected nodes.  So a scale-free topology simply means that a 
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particular network is comprised of very few nodes that have many attachments to other 
nodes while many nodes have only a few attachments to other nodes. Barabasi (2002), 
illustrates the statistical implication of this: “if I blindly pick ten balls from a bag in 
which there are 10 red and 9,990 white balls, chances are ninety-nine in a hundred that I 
will have only white balls in my hand.  Therefore, if a failure in networks affect with 
equal chance all nodes, small nodes are far more likely to be dismantled, since there are 
many more of them.”   
 
Watts- Strogatz Model (small-world model) 
          The Watts-Strogatz model (i.e. small-world model) is a consequence of the 
observation that real world networks manifest two salient properties: 
1) The Small World property: this means that most pairs of vertices are linked via 
short path lengths through the network.  Watts and Strogatz defined short path 
lengths to mean path lengths (l) comparable to those exhibited by random graphs 
with the same average vertex degrees and the same number of vertices (Newman 
et al., 2006). 
2) High clustering property: this means that there is a very high probability that any 
two vertices will be directly linked to each other if they share a common 
neighbor (Newman et al., 2006).   Clustering is numerically represented as 
clustering coefficient, usually denoted C.  In the social sciences, C indicates how 
well each person in an individual’s social circle knows each other.   A number 
approximating 1 indicates that all of a given individual’s friends know each 
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other, while a number close to zero probably means that the individual’s friends 
can not stand being around each other (Barabasi, 2002).    
According to Watts and Strogatz a network is considered a small world network if the 
average distance l is comparable with that on a random graph, l / lrg ~ 1, and the 
clustering coefficient is greater than that of a random graph, C / Crg >> 1 (Newman et 
al., 2006).  Some empirical examples of small world networks are power grids, C. 
elegans neural network, and network of film actors (Watts & Strogatz, 1998). Why are 
small-world models important? Dynamical systems with small-world attributes tend to 
exhibit “enhanced signal propagation speed, computational power, and 
synchronizability.  In particular, infectious diseases spread more rapidly in small-world 
networks than in regular lattices” (Watts & Strogatz, 1998).   
 
Motifs 
          Complex networks often manifest patterns of interconnections that occur far more 
frequently than in randomized networks.   These patterns or motifs may help to define 
universal classes of networks and may aid in revealing and elucidating the rudimentary 
building blocks of many types of networks (Berg & Lassig, 2004; Milo et al., 2002).   
Such an approach was employed by Shen-Orr et al., (2002) in order to characterize the 
fundamental building blocks of a well characterized regulatory network - the direct 
transcriptional interaction in Escherichia coli.  They reported that much of the 
aforementioned network is made up of three highly significant motifs that appear in 
redundant fashion: a feedforward loop, a single input module (SIM), and dense 
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overlapping regulons (DOR).  They also reported that each network motif carries out a 
specific function in determining gene expression (e.g., establishing expression programs 
and governing responses to varying levels of external signals).   The fundamental design 
principles that underlie non-directed networks such as yeast protein-protein interactions  
has been elucidated also via motif searches (Milo et al., 2002).  The motifs detected in 
the SPLN (see Results) are consistent with those motifs detected by Milo and 
collaborators (2002) for the overall PPI network for yeast (Jeong et al., 2001).   
 
Comparing yeast, worm and fly networks (Shannon’s Information Content as a metric 
for complexity) 
 
         Bonchev (2003a; 2003b; 2004; 2005) showed that a feasible way to measure graph 
complexity is via vertex degree magnitude-based information content, Ivd.  The 
information content is expected to increase with node connectivity and other complexity 
factors such as cycles, branches, cliques, etc.  According to Shannon (1949), information 
is the reduced entropy of the system relative to the maximum entropy that can exist in a 
system with the same number of elements. This can be represented mathematically as: 
                                                      I = Hmax – H     (2)   
A network or graph with a total weight W and vertex weight wi can be represented by 
Shannon’s Entropy formula: 
                                          wwWWWH i
v
i
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Maximum entropy can be obtained when all wi =1: 
                                                  Hmax = W log2 W      (4) 
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From equations 2-4, substituting also W = A and wi = ai, yields the equation for the 
information content of the vertex degree distribution of a graph, Ivd:      
                                                aaI i
v
i
ivd log2
1
∑
=
=      (5) 
Calculation of Ivd was carried out using Grafman software (described in “Materials and 
Methods”). 
NetworkBlast 
          Those individuals conducting phylogenetic studies rely upon DNA sequences to 
resolve questions about evolutionary relationships between species.  A similar approach 
can be applied towards elucidating functional conservation of networks across model 
organisms. Network comparison has been shown to provide essential biological 
information beyond what is offered by the genome (Sharan et al., 2005).  Similarly, in 
this thesis project, I have attempted to identify conserved aging-related pathways 
between yeast, worm and fly.  NetworkBlast (Kelley et al., 2004) was the primary 
software used to carry out this task.  NetworkBlast is conceptually similar to BLAST, as 
far as its sequence alignment algorithm goes.   
         Briefly, NetworkBlast searches for high-scoring pathway alignments between a 
pair of paths in two interspecific sub-networks.  For example, a path consisting of 
ABCD (where each alphabet represents a protein) is paired with a second path 
containing putative homologs (abcd).  NetworkBlast is able to discriminate between 
true- and false-positive interactions and facilitates functional annotation of pathways 
based upon their similarities to the network of a known target species.  The algorithm 
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allows for “gaps” and “mismatches” borne from evolutionary variations and 
experimental errors.  Evolutionary variation occurs when a protein interaction in one 
path skips over a protein in the other, while the latter occurs when the proteins being 
aligned do not share sequence similarity (Kelley et al., 2003).  Implementation of 
NetworkBlast requires input that consists of protein interactions with strength of 
interaction indices and paired orthologs.  A ranked list consisting of matching paths from 
the target network along with a graphical representation of the paths and the overlap is 
generated.   Additional processing and analysis of data were performed according to the 
methods described by Kelly et al., (2003) and by Sharan et al., (2005).  A web-based 
query using NetworkBlast can be conducted at: 
                      www.cs.tau.il/~kalaevma/netwrokblast.html.org 
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                                     Chapter 6 Materials and Methods 
 
Compilation of aging/longevity gene list and Construction of Networks 
           A set of genes that have been experimentally shown to confer longevity in 
Saccharomyces cerevisiae was compiled via literature searches (Pubmed/Medline, 
Highwire, Chilibot, etc.), database mining (SGD, DIP, MIPS, The Kaeberlein Lab Aging 
Genes/Interventions Database formerly SageKE archives, etc.) and personal 
communications with colleagues in the field (Table 2). The Shortest-Path Longevity 
Network (SPLN) was constructed by introducing names of genes (canonical names) 
from the previously compiled set into PATHWAY STUDIO 5 (PS5, Ariadne Genomics, 
Rockville, MD) and selecting the shortest path mode.  PS5 then identified associations 
among the input genes by referencing a proprietary yeast interaction database. The 
resulting composite SPLN integrated many classes of gene/protein interactions such as 
binding interactions, genetic interactions, mechanical processes, transcriptional 
regulatory interactions, molecular transport, post-translational chemical interactions, and 
others.  In addition, the composite SPLN yielded many “new” genes that were located 
along the paths of the original input genes. These “new” genes were treated as potential 
candidates for subsequent replicative aging experiments in yeast deletion mutant strains.  
Next, all of the binding (protein-protein) interactions were extracted from the Composite 
SPLN.  Those binding interactions were then used as input to erect a smaller network 
using a Pajek (vlado.fmf.uni-lj.si/pub/networks/pajek/).  As a result of this analysis, the 
composite SPLN was decomposed into an undirected, binding sub-network that 
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consisted of easily testable vertices (individual genes as opposed to mechanical 
processes, etc).  To derive the longevity candidates, the gene/protein list was edited by 
removing the essential genes (deletion is lethal in haploid background), the input genes, 
the genes with no known deletion in SGD and ATCC databases, and the non-specific 
entities.  The PS5 software has a built-in function that allows for systematic update of 
the networks either manually through recursive mining of aforementioned external 
databases, or by automated search (by the software) of its own proprietary databases. 
When needed, the databases can be augmented by personal databases using a PS5-
related application called MedMiner.  This package allows for the mining of 
gene/protein interactions from PDF files downloaded from on-line sources.  
Additionally, the Medminer software allows specification of search terms in the target 
PDF files.  Medminer is incapable of searching for relationships that occur in figures or 
in tables embedded in the PDF files. That information was extracted manually as 
required.   
         Topological analysis of yeast networks was conducted on the binding SPLN using 
a variety of graph theoretic approaches.  Witten and Bonchev (2007) noted, “it is logical 
to assume that a network, containing all known genes/proteins of importance to 
aging/longevity for a given organism – might provide more relevant topological 
information about other – still unknown/unstudied, longevity related genes/proteins.” To 
this end, the general working hypothesis of this PhD thesis project was that 
genes/proteins are very likely to be implicated in yeast aging or longevity when they 
were found to be in the shortest path linking pairs of genes which have been already 
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shown to be associated with aging/longevity or when they are centrally located in the 
network.  Determination of shortest path has been previously described in this chapter.  
Vertex Degree and Centrality were determined using a series of metrics commonly used 
in graph theory.  These metrics are described below. 
 
Ranking the genes using Vertex Degree and Centrality measurements 
          Vertex Degree and Centrality refer to classes of measurements that highlight the 
structural significance of a node (or an edge) within a network (Freeman, 1977).  In 
essence they address the following question, “Who are the most important players in this 
network?” Some examples of their use are as follows: A study of social networks might 
employ vertex degree and centrality to identify the most popular individuals in an 
organization or group (Wasserman & Faust, 1994); An investigation of food webs might 
employ vertex degree and centrality to identify the most important organism in an 
ecological niche.  An investigation of communication network might utilize both metrics 
to identify critical points for control of information flow in order to enhance the 
robustness of the networks (Barabasi, 2002; Dorogovtsev & Mendes, 2003; Newman et 
al., 2006).   The rationale for their use in this research project is based upon the 
following assumption: the more connected and central the node is in a network, the 
larger the fraction of interactions that pass through it, and therefore the larger the 
influence that the given node will have in the organism’s aging and longevity (Witten & 
Bonchev, 2007).   
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          The SPLN is a type of biological network in which the genes/proteins are 
represented by nodes/vertices and the interactions among the genes/proteins represented 
by links/edges.  Nodes with high vertex degree values are called hubs (Barabasi, 2002).  
Vertex degree is synonymous with node degree, k, and is defined by the number of 
nearest neighbors associated with a particular node in the network. The degree 
distribution, denoted P(k), gives the probability that a chosen node has exactly k links to 
other nodes.  Determining the node degree, k for each node in a given network facilitates 
the determination of the number (frequency) of nodes X(k) with a node/vertex degree k 
(Bondy & Murty, 1976; Diestel, 2005).    
          For this project, the vertex degrees for each node were calculated using the 
Grafman software package (created by D.G. Bonchev and S. Karabunarliev, available 
upon request from DGB, email: dgbonchev@vcu.edu).  As input, I used the interaction 
files generated by PS5 and determined the degree of each node with the Grafman 
software.  The nodes with the highest degree values were visually identified for further 
processing.  It has already been demonstrated that many of the genes associated with 
aging/longevity in the nematode C. elegans are hubs of the C. elegans longevity/gene 
protein network (Witten & Bonchev, 2007).   
          Several centrality measurements were employed in order to rank the 
genes/proteins in the aging/longevity network.  Node centrality is generally considered 
relative to the center of the network where the center can be defined as the node with the 
lowest eccentricity.  By definition, eccentricity is the largest distance from a particular 
node to any other node in the graph and is a metric belonging to a hierarchical set of 
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centricity criteria.  Node distance is the sum or total distance of a particular node/vertex 
to all other nodes/vertices in a given network.  In this study, both eccentricity and node 
distance values were determined by using Grafman software.   In addition to eccentricity 
and node distance, two other centrality measurements were employed: 
1) Betweenness Centrality (Freeman, 1977) is characterized by a node located in the 
shortest path between other nodes.  Such a node is presumed to control the flow 
of critical information to the other nodes. Removal of nodes with high 
betweenness centrality results in a large increase in distance between the other 
nodes in a network. Betweenness for any node k is measured by counting all 
possible shortest paths between two other nodes (i and j) in the network and is 
the frequency of appearance of node k in all possible paths.  The NetMiner 
software package (Cyram, Seoul, South Korea) was employed to calculate 
betweenness centrality. 
2) Eigenvector centrality (Freeman, 1977) is similar to degree centrality. However, 
it gives weight to links or edges.  This implies that not all links are equal.  
Calculation of eigenvector centrality requires rigorous matrix algebra (Witten & 
Bonchev, 2007).  The Netminer software package was employed to calculate 
eigenvector centrality. 
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Determining modularity 
Modularity of the SPLN was determined using Netminer3 package according to method 
prescribed by software developer.  The resulting modules or communities were further 
analysed with the aid of yeast GO annotations from the SGD database.  MS Excel 
(version 2003) was used to generate tables. 
 
Determining fragility, robustness and scaling 
For the random attack (RA) scenario, a web-based random number generator 
(RANDOM.org) was used to generate a set of numbers from 1-171 (there are 171 
vertices in the SPLN).  An SPLN was erected using Pajek.  The nodes from the erected 
(SPLN) were then removed in the order given by the (random numbers) list. For the 
directed attack (DA), determination of node to be removed was done visually.  The 
“hubs”were identified and removed from the network.   Each time a node was removed 
from the SPLN all other nodes that became solitary as a consequence of that node’s 
removal were subtracted from total number of nodes that were still connected.  This 
iterative process continued until the network decomposed into solitary, unlinked 
vertices.   A network decomposition chart (Nodes Removed versus Fraction of nodes 
remaining) was plotted for each scenario using MS EXCEL.   
 
Watts and Strogatz model (Small World) 
Pajek was used to generate customized, random graphs (Erdos-Renyi graphs) with 171 
vertices and 4.0 average vertex degree (the average vertex degree of SPLN as 
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determined by Grafman and Netminer3).  The clustering coefficients of the SPLN and 
random network were determined using Netminer3.  The average path lengths of both 
networks were determined using Grafman software.   
 
Detecting network motifs 
Detection of network motifs was conducted using Fanmode software (www.minet.uni-
jena.de/~wernicke/motifs/).  The number of random networks generated for detecting 
three and four node motifs was 10000.  In all cases, the following were ignored: 
subgraphs for which Z-score ≤ 2, subgraphs for which p-value ≥ 0.05, and subgraphs 
that were found less than 5 times. 
 
Network comparison 
Determination of Shannon’s information content 
Information content was determined using Grafman software (see discussion of 
methodology and algorithm in preceding chapter).    
 
NetworkBlast 
Network comparison was carried out using NetworkBlast (see discussion of 
methodology in preceding chapter).  Directions on how to prepare input files and setting 
parameters can be found in www.cs.tau.ac.il/~kalaevma/input_format.htm 
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                                                   Table 2  
Set of yeast genes reported to be associated with increased replicative life span 
(RLS) used to construct the Binding SPLN.  The genes were compiled via 
independent literature searches and by referencing the Kaeberlein Lab Aging 
Genes/Interventions Database (formerly the SAGE KE Genes/Intervention Database).    
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ORF GENE EFFECT ON RLS REFERENCE 
YNR051C BRE5 Deletion increases RLS (Kaeberlein et al., 2005c)
YLR310C CDC25 Point mutation increases RLS (S.-J. Lin et al., 2000)
YJL194W CDC6 Deletion increases RLS (Sinclair et al., 1997)
YJL005W CYR1 Point mutation increases RLS (S.-J. Lin et al., 2000)
YDR110W FOB1 Deletion increases RLS (Defossez et al., 1999)
YER020W GPA2 Deletion increases RLS (S.-J. Lin et al., 2000)
YDL035C GPR1 Deletion increases RLS (S.-J. Lin et al., 2000)
YKL109W HAP4 Overexpression increases RLS (S.-J. Lin et al., 2000)
YGL253W HXK2 Deletion increases RLS (S.-J. Lin et al., 2000)
YOR136W IDH2 Deletion increases RLS (Kaeberlein et al., 2005c)
YHL003C LAG1 Deletion or overexpression increases RLS (D'Mello et al., 1994)
YOL025W LAG2 Deletion increases RLS (Childress et al., 1996)
YGL178W MPT5 Overexpression increases RLS (Kennedy et al., 1997)
YPR030W MRG19 Deletion increases RLS (Kharade et al., 2005)
YLR285W NNT1 Overexpression increases RLS (Anderson et al., 2003)
YOR209C NPT1 Overexpression increases RLS (Anderson et al., 2002)
YGL037C PNC1 Overexpression increases RLS (Anderson et al., 2003)
YOR101W RAS1 Deletion increases RLS (Sun et al., 1994)
YNL0986 RAS2 Overexpression increases RLS (Sun et al., 1994)
YBR267W REI1 Deletion increases RLS (Kaeberlein et al., 2005c)
YLR371W ROM2 Deletion increases RLS (Kaeberlein et al., 2005c)
YNL330C RPD3 Deletion increases RLS (Kim et al., 1999)
YDL075W RPL31A Deletion increases RLS (Kaeberlein et al., 2005c)
YLR448W RPL6B Deletion increases RLS (Kaeberlein et al., 2005c)
YBL103C RTG3 Deletion increases RLS (Kirchman et al., 1999)
YHR205W SCH9 Deletion increases RLS (Fabrizio et al., 2003)
YOR367W SCP1 Deletion increases RLS (Gourlay et al., 2004)
YDL042C SIR2 Overexpression increases RLS (Kaeberlein et al., 1999)
YDR227W SIR4 Semi-dominant Sir4-42 allele increases RLS (Kennedy et al., 1995)
YGL115W SNF4 Deletion increases RLS (Ashrafi et al., 2000)
YDR293C SSD1 SSD1-V allele increases RLS (Kaeberlein et al., 2004a)
YJR066W TOR1 Deletion increases RLS (Kaeberlein et al., 2005c)
YPL203W TPK2 Point mutation increases RLS  (S.-J. Lin et al., 2000)
YNL229C URE2 Deletion increases RLS (Kaeberlein et al., 2005c)
YKR042W UTH1 Deletion increases RLS (Kennedy et al., 1995)
YBR238C YBR238C Deletion increases RLS (Kaeberlein et al., 2005c)
YBR255W YBR255W Deletion increases RLS (Kaeberlein et al., 2005c) 
YBR266C YBR266C Deletion increases RLS (Kaeberlein et al., 2005c)
YOR135C YOR135C Deletion increases RLS (Kaeberlein et al., 2005c)
YMR273C ZDS1 Deletion increases RLS (Roy & Runge, 2000)
 
 
 66
 
Replicative Life Span Experiments  
          The replicative aging experiments were conducted according to the method 
described by Kaeberlein et al., (2005).  All experiments were carried out in the 
laboratories of Matt Kaeberlein and Brian Kennedy at the University of Washington in 
Seattle.  The deletion strains employed in the replicative aging experiments were 
derivatives of BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) and of BY4741 (MATa 
his3∆1 leu2∆0 met15∆0 ura3∆0).  Each mutant strain had a specific ORF replaced by a 
KanMX marker using a PCR-based strategy (Winzeler et al., 1999).   The parental wild-
type strains BY4741, BY4742, BY4741a haploid deletion mutants, and the BY4742α 
haploid deletion mutants were purchased from Research Genetics (Carlsbad, CA).   
          The deletion strains employed for replication life-span experiments were thawed 
from frozen stock (-80 ºC, 25% glycerol) and plated onto YPD.  After 48-hour 
incubation in 30 ºC, selected colonies were patched to YPB.   The following evening, the 
cells were patched onto plates that were to be used for life-span experiments.  After an 
overnight incubation at 30 ºC, the yeast cells were arrayed on YPD plate with a 
micromanipulator and left to undergo 1-2 divisions.  Carefully selected virgin cells were 
used for the life-span analyses.  Plates that were not used during the experiments were 
wrapped with parafilm to preclude desiccation.  When experiments were not carried out, 
the culture plates were stored in 4 ºC.  Daughter cells were separated from mother cells 
by gentle manipulation with a fine dissecting needle and tabulated every 2-4 hours.  To 
preclude experimental bias, the strains were randomly assigned a numerical identifier so 
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that the individual conducting the microscopic dissection had no knowledge of a 
particular strain’s genotype.  The iterative process for large-scale RLS determination 
resulted from experimental data which demonstrated that a majority of long-live strains 
can be accurately classified based upon initial determination of RLS for 5 mother cells 
from MATα single-gene deletion strain. This was followed by further analysis of 
additional mother cells from those MATα presenting with a 5-cell mean RLS greater than 
26 generations.  Those MATα deletion strains presenting with a p-value of 0.05 or less 
were verified by examining the RLS of corresponding deletion independently-derived in 
MATa. 
          The replicative life span datasets were compared by two-tailed Wilcoxon rank-
sum test.  The MATLAB ‘rank-sum’ function was used to derive p-values.  These p-
values were obtained from pair-matched, pooled experimental runs wherein each mutant 
was compared to wild type cells that were analyzed in the same experiment.  Significant 
life span difference for strains was set at p< 0.05.  The Fisher’s exact test was employed 
in order to ascertain whether the Binding SPLN was enriched for short-lived or long-
lived deletion strains relative to the set of 564 randomly-selected deletion mutants or the 
current dataset for the entire yeast deletion collection.   
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                                                  Chapter 7 Results 
 
Replicative Network: Core (Direct Interaction) 
                  The Core Network (a network consisting only of direct links between the 
input genes/proteins) was built using genes/ORFs that have been shown to extend life 
span in yeast strains when treated with genetic interventions such as overexpression, 
deletion, etc.  Additionally, only those genes that were involved in replicative life span 
or genes involved in replicative and chronological life spans were considered.   
Construction of the Core Network using Direct Interaction algorithm (PS5) yielded 40 
proteins involved in 4 regulation interactions, 1 molecular transport, 1 protein 
modification, 1 expression, 12 binding interactions, 7 direct regulations, and 29 genetic 
interactions (see Figure 3).  The specific affiliations and entities are presented in 
Appendix A and Appendix B respectively.  The Direct Interaction algorithm references 
the internal database for any interaction data between those vertices.  If no interaction 
data exists for vertices then those entities get left out.   Figure 3 reveals that numerous 
vertices have been excluded from the network therefore making it a sparse network.  
This does not necessarily mean, however, that such vertices are island in a complex 
yeast cellular system.  It is reasonable to assume that their linkages may be with other 
genes outside this particular network or that no interaction data are available. 
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                                                      Figure 3  
Network core built using Direct Interaction Algorithm in PS5 Software. The genes 
were compiled via independent literature searches and by referencing the Kaeberlein Lab 
Aging Genes/Interventions Database (formerly the SAGE KE Genes/Intervention 
Database).   
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Construction of Composite and Binding SPLNs  
          Construction of the Composite SPLN resulted in the inclusion of 220 proteins 
accounting for 3 functional classes, 1 cell object, 14 cellular processes, 348 binding 
interactions, 29 direct regulation interactions, 313 regulation, 9 expressions, 254 genetic 
interactions, 6 molecular synthesis, 7 molecular transports, 22 promoter bindings, and 2 
protein modification interactions (Figure 4).  The specific affiliations and entities are 
illustrated in Appendix C and in Appendix D respectively.  The shortest path algorithm 
was used to determine the most immediate links between any vertices.  It did this by 
referencing the PS5’s internal database for any known interaction data between the two 
vertices.  Figure 4 illustrates that the construction scheme produced a graph that 
incorporated only the essential connectivity of the genes involved in aging and 
longevity.   From this composite network, we extracted the binding affiliations (protein-
protein interactions, Appendix E) and employed those relationships to construct a 
Binding SPLN that was the basis for prediction of longevity genes (Figure 5).   
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                                                            Figure 4 
The Composite SPLN constructed using set of yeast genes reported to be associated 
with increased replicative life span.  The genes were compiled via independent 
literature searches and by referencing the Kaeberlein Lab Aging Genes/Interventions 
Database (formerly the SAGE KE Genes/Intervention Database).  The binding 
interactions, represented by the symbol  served as basis for construction of the 
binding sub-network which was the focus of this study.   
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                                                      Figure 5 
The Binding SPLN extracted from the Composite SPLN.  The graph was built using 
Pajek.  Table 3 contains the listing, rank, and statuses of the genes/ORFs that make up 
the vertices of the graph.  This network is the focus of this study.  It contains 171 
genes/proteins, including 33 of the 40 input LAGS (7 of the input LAGs were not 
incorporated in the Binding network ).   
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             The ranking of the genes/ORFs and their statuses (essential, nonessential, or 
unknown) in the Binding SPLN (Figure 5) are manifested in Table 3.  The final rank of 
each gene was determined by adding the individual ranks in each of the scoring 
categories as calculated by Grafman and Netminer applications.  The scoring categories 
were Vertex degree, Node Eccentricity, Node Distance, Betweeness Centrality, and 
Eigenvector Centrality.   It is worth noting that of the top 10 ranked genes, 4 are 
essential: ACT1, GFA1, HYP2, and SMT3 with the top two positions occupied by 
ACT1 and GFA1 respectively.  Two of the deletion strains, HXT7 and RVS167, were 
not tested because they failed to grow. Two gene deletions conferred longevity: TMA19 
(in both haploid mating types), ABP1 (only in MATα).  One decreased life-span (CYC4) 
and one had neutral or no effect upon life-span (EFT2).   The binding SPLN is mostly 
populated with non-essential genes (69%) but also enriched with essential genes (27%), 
(Figure 6).  According to the SGD Project website 18.2% of the genes are essential for 
growth in media rich in glucose 
(www.sequence.stanford.edu/group/yeast_deletion_project/deletions3.html).   Knocking 
out essential genes is lethal in haploid background.   Because replicative assays were 
conducted using the haploid mating type strains BY4741 and BY4742, no data could be 
generated for the essential genes.  
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                                                                Table 3  
Ranked Genes/ORFs in the Binding SPLN. Ranks were determined by summing the 
individual ranks in each of the scoring categories as calculated by Grafman and 
Netminer applications.  The scoring categories were Vertex degree, Node Eccentricity, 
Node Distance, Betweeness Centrality, and Eigenvector Centrality.  Ranks of input 
genes are not included in this table 
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Gene ORF Status Final 
Rank 
ACT1 YFL039C Essential 1 
GFA1 YKL104C Essential 2 
EFT2 YDR385W Nonessential 4 
HYP2 YEL034W Essential 6 
HXT7 YDR342C Nonessential 7 
TMA19 YKL056C Nonessential 8 
SMT3 YDR510W Essential 9 
ABP1 YCR088W Nonessential 10 
RVS167 YDR388W Nonessential 14 
CYS4 YGR155W Nonessential 15 
BNR1 YIL159W Nonessential 16 
SEC27 YGL137W Essential 17 
MAS1 YLR163C Essential 18 
HSP82 YPL240C Nonessential 19 
ARP3 YJR065C Essential 20 
TUP1 YCR084C Nonessential 22 
KAP123 YER110C Nonessential 23 
ADR1 YDR216W Nonessential 24 
SAC6 YDR129C Nonessential 25 
YRA1 YDR381W Essential 26 
RPN10 YHR200W Nonessential 27 
SLA1 YBL007C Nonessential 28 
ARX1 YDR101C Nonessential 29 
YBR238C YBR238C Nonessential 30 
RPC82 YPR190C Essential 31 
LOC1 YFR001W Nonessential 32 
YHB1 YGR234W Nonessential 34 
NIP1 YMR309C Essential 35 
TRA1 YHR099W Essential 36 
TAF14 YPL129W Nonessential 36 
SNF2 YOR290C Nonessential 37 
RPL31B YLR406C Nonessential 41 
ARP2 YDL029W Essential 42 
PMA1 YGL008C Essential 44 
BMH1 YER177W Nonessential 44 
CDC28 YBR160W Essential 45 
SCS2 YER120W Nonessential 46 
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MOB1 YIL106W Essential 46 
SPS1 YDR523C Nonessential 47 
FAS1 YKL182W Essential 48 
REG1 YDR028C Nonessential 49 
NOP2 YNL061W Essential 50 
AVT4 YNL101W Nonessential 52 
PDC6 YGR087C Nonessential 53 
TIF4631 YGR162W Nonessential 54 
BMH2 YDR099W Nonessential 55 
ARP7 YPR034W Essential 55 
STM1 YPR163C Nonessential 58 
NOP4 YPL043W Essential 58 
RIM1 YCR028C-
A 
Nonessential 59 
JSN1 YJR091C Nonessential 62 
FKS1 YLR342W Nonessential 63 
NAP1 YKR048C Nonessential 64 
SFB3 YHR098C Unknown 65 
GAS1 YMR307W Nonessential 65 
RET2 YFR051C Essential 66 
RAP1 YNL216W Essential 67 
NUP116 YMR047C Essential 68 
RNA14 YMR061W Essential 69 
CFT1 YDR301W Essential 69 
ADA2 YDR448W Nonessential 70 
HCA4 YJL033W Essential 72 
HOS2 YGL194C Nonessential 73 
YAR010C YAR010C Unknown 74 
FHL1 YPR104C Essential 75 
NTH1 YDR001C Nonessential 76 
BOI1 YBL085W Nonessential 77 
NMD3 YHR170W Essential 79 
CLB2 YPR119W Nonessential 80 
TOM1 YDR457W Nonessential 81 
VPS71 YML041C Nonessential 81 
TIF6 YPR016C Essential 82 
NOP15 YNL110C Essential 82 
CIC1 YHR052W Essential 82 
YSC84 YHR016C Nonessential 84 
DBP8 YHR169W Essential 84 
NOG2 YNR053C Essential 86 
YAF9 YNL107W Nonessential 87 
SWR1 YDR334W Nonessential 87 
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SWC5 YBR231C Nonessential 87 
SMI1 YGR229C Nonessential 87 
RVS161 YCR009C Nonessential 87 
HTZ1 YOL012C Nonessential 87 
GIN4 YDR507C Nonessential 88 
YKE2 YLR200W Nonessential 90 
SPT5 YML010W Essential 92 
GLK1 YCL040W Nonessential 93 
TOP1 YOL006C Nonessential 94 
CLA4 YNL298W Nonessential 94 
MIS1 YBR084W Nonessential 95 
GCN2 YDR283C Nonessential 96 
SKG6 YHR149C Unknown 97 
MAK21 YDR060W Essential 98 
UBP3 YER151C Nonessential 99 
SOK1 YDR006C Nonessential 100 
SIP4 YJL089W Nonessential 101 
NAF1 YNL124W Essential 102 
BOI2 YER114C Nonessential 104 
RTN1 YDR233C Nonessential 104 
PHD1 YKL043W Nonessential 104 
ORM2 YLR350W Nonessential 104 
ELG1 YOR144C Nonessential 104 
IOC2 YLR095C Nonessential 105 
SGV1 YPR161C Essential 106 
IDP3 YNL009W Nonessential 106 
RPL20A YMR242C Nonessential 107 
WHI2 YOR043W Nonessential 107 
SWE1 YJL187C Nonessential 108 
SEC28 YIL076W Nonessential 108 
PRP3 YDR473C Essential 108 
SSN3 YPL042C Nonessential 110 
CYT2 YKL087C Nonessential 111 
CYC1 YJR048W Nonessential 113 
NSE3 YDR288W Essential 115 
SEC31 YDL195W Essential 116 
SDA1 YGR245C Essential 116 
RPL20B YOR312C Nonessential 116 
REF2 YDR195W Nonessential 116 
GIM5 YML094W Nonessential 116 
APL2 YKL135C Nonessential 116 
SWI5 YDR146C Nonessential 117 
SWI1 YPL016W Essential 117 
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SNF5 YBR289W Nonessential 117 
GCN4 YEL009C Nonessential 117 
ELP4 YPL101W Nonessential 117 
ORC2 YBR060C Essential 119 
SWP1 YMR149W Essential 119 
SPC1 YJR010-A Nonessential 119 
GPI8 YDR331W Essential 119 
CSG2 YBR036C Nonessential 119 
CHS7 YHR142W Nonessential 119 
AGP1 YCL025C Nonessential 119 
UME6 YDR207C Nonessential 120 
RAD53 YPL153C Essential 122 
YPC1 YBR183W Nonessential 123 
CDC25 YLR310C Essential 3 
IDH2 YOR136W Nonessential 5 
CYR1 YJL005W Essential 7 
URE2 YNL229C Nonessential 11 
CSR2 YPR030W Nonessential 12 
BRE5 YNR051C Nonessential 13 
RAD51 YER095W Nonessential 21 
SSD1 YDR293C Nonessential 27 
SCP1 YOR367W Nonessential 33 
RPL6B YLR448W Nonessential 38 
ZDS1 YMR273C Nonessential 39 
REI1 YBR267W Nonessential 40 
SNF4 YGL115W Nonessential 43 
SIR4 YDR227W Nonessential 49 
GAL83 YER027C Nonessential 51 
ROM2 YLR371W Nonessential 54 
HAP4 YKL109W Nonessential 56 
SIP2 YGL208W Nonessential 57 
TPK2 YPL203W Nonessential 60 
SNF1 YDR477W Nonessential 61 
NNT1 YLR285W Nonessential 71 
SIR2 YDL042C Nonessential 78 
LAG1 YHL003C Nonessential 80 
RAS1 YOR101W Nonessential 83 
RTG3 YBL103C Nonessential 85 
CDC6 JYL194W Essential 89 
YOR135C YOR135C Nonessential 91 
TOR1 YJR066W Nonessential 100 
FOB1 YDR110W Nonessential 103 
PNC1 YGL037C Nonessential 109 
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MPT5 YGL178W Nonessential 110 
NPT1 YOR209C Nonessential 112 
YBR255W YBR255W Nonessential 114 
RAS2 YNL098C Nonessential 118 
LAG2 YOL025W Nonessential 118 
GPA2 YER020W Nonessential 121 
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                                                            Figure 6 
Distribution of Essential, Nonessential, and Unknown Genes/ORFs in the Binding SPLN  
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The SPLN can be further divided into modules  
          Figure 7 and Table 4 show that the SPLN can be further divided into discrete 
community structures wherein a higher density of links exists between components of 
each community than between the communities themselves (Newman, 2006).  Each 
module carries out a set of tasks (or a task) easily distinguishable from those set of tasks 
carried out by another module (Ravasz et al., 2002).  The Q value (Clauset et al., 2004) 
as calculated by Netminer3 is .504 (Q = 1.0 is  best). This value tells whether such 
division is a good one, that is, there are many links within the communities and only a 
few between them.  The tasks associated with each community were determined using 
GO functional annotations (Table 5) found in the Saccharomyces Genome Deletion 
(SGD) website at: www. yeastgenome.org   
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                                                            Figure 7 
The modularity of Binding SPLN.  The SPLN can be further decomposed into 10 
communities according to the method described by Clauset et al., (2004). The Q value is 
.504 (Q = 1.0 is best). 
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                                                         Table 4 
Modules or communities in the Binding SPLN.  The SPLN can be further 
decomposed into 10 communities according to the method described by Clauset et al., 
(2004).  Netminer3 was employed to identify the communities. The Q value is .504 (1.0 
is best). 
 
           
Gene Module/Group Number 
NTH1 1 
GLK1 1 
PNC1 1 
YPC1 1 
NUP116 2 
LAG1 2 
AVT4 2 
SWP1 2 
SPC1 2 
CHS7 2 
GPI8 2 
AGP1 2 
CSG2 2 
NMD3 3 
ABP1 3 
TMA19 3 
RPL31B 3 
PDC6 3 
CDC25 3 
HSP82 3 
RAS1 3 
CLA4 3 
BNR1 3 
HYP2 3 
CIC1 3 
NOP15 3 
LOC1 3 
SEC31 3 
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MAS1 3 
TIF6 3 
RPL20B 3 
GIM5 3 
CYS4 3 
HXT7 3 
SSD1 3 
SFB3 3 
SEC28 3 
GAS1 3 
TPK2 3 
GIN4 3 
FOB1 4 
IOC2 4 
UBP3 4 
VPS71 4 
SIR4 4 
SIR2 4 
RAP1 4 
CLB2 4 
RAD53 4 
JSN1 5 
NPT1 5 
BRE5 5 
SPT5 5 
TOM1 5 
YAR010C 5 
GCN2 5 
NOP2 5 
LAG2 5 
SGV1 5 
IDP3 5 
ACT1 6 
RNA14 6 
SLA1 6 
YSC84 6 
RPL6B 6 
GPA2 6 
NAF1 6 
FHL1 6 
SWR1 6 
SWC5 6 
HTZ1 6 
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YAF9 6 
STM1 6 
HCA4 6 
REF2 6 
NOP4 6 
SDA1 6 
APL2 6 
MAK21 6 
CFT1 6 
SMI1 6 
RVS161 6 
REI1 7 
RAD51 7 
KAP123 7 
ARX1 7 
SCP1 7 
NSE3 7 
MIS1 7 
TIF4631 7 
RPL20A 7 
FAS1 7 
DBP8 7 
ROM2 7 
ARP3 8 
NOG2 8 
GFA1 8 
YHB1 8 
BMH1 8 
SNF4 8 
GAL83 8 
CSR2 8 
WHI2 8 
ARP2 8 
SPS1 8 
SIP2 8 
IDH2 8 
BMH2 8 
CDC28 8 
MPT5 8 
RVS167 8 
TOR1 8 
URE2 8 
RPC82 8 
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SEC27 8 
PMA1 8 
NIP1 8 
ADR1 8 
FKS1 8 
SAC6 8 
NAP1 8 
SWE1 8 
PRP3 8 
SOK1 8 
YOR135C 8 
SIP4 8 
UME6 8 
CYR1 9 
NNT1 9 
CYT2 9 
MOB1 9 
YBR255W 9 
SMT3 9 
PHD1 9 
TAF14 9 
HAP4 9 
SNF5 9 
SWI1 9 
ARP7 9 
TRA1 9 
SNF2 9 
ELG1 9 
SNF1 9 
RTN1 9 
ORM2 9 
YKE2 9 
REG1 9 
ADA2 9 
CYC1 9 
ELP4 9 
GCN4 9 
SWI5 9 
HOS2 10 
TOP1 10 
RPN10 10 
BOI1 10 
YBR238C 10 
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ZDS1 10 
EFT2 10 
RET2 10 
SKG6 10 
SSN3 10 
TUP1 10 
CDC6 10 
ORC2 10 
SCS2 10 
RTG3 10 
RIM1 10 
YRA1 10 
BOI2 10 
RAS2 10 
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                                                            Table 5 
Modules and associated GO molecular functions.  The 10 communities derived via 
Netminer3 along with their GO molecular functions obtained from SGD database 
(www.yeastgenome.org) 
 
 
Module  GO Molecular Functions 
  
Module 1 Trehalase/glucokinase/nicotinamidase/ceramidase activity 
  
Module 2 Sphingosine N-acyltransferase activity, glycotransferase activity, 
GPI anchor transamidase activity, amino acid transmembrane 
transporter, enzyme regulator 
  
Module 3 Protein and RNA binding, protein folding, pyruvate decarboxylase 
activity, Ras guanyl-nucleotide exchange factort activity, glucose, 
fructose , mannose transport, cystathione bete-synthase activity 
  
Module 4 Nucleosome binding, histone binding, structural constituent of 
chromatin,  
  
Module 5 Nicotinate phosphoribosyltransferase activity, RNA polymerase II 
transcription elongation factor activity, isocitrate dehydrogenase 
activity, RNA methyltransferase activity 
  
Module 6 Structural constituent of cytoskeleton, protein heterodimerazation 
activity, ATP-dependent RNA helicase activity, clathrin binding 
  
Module 7 DNA-dependent ATPase activity, recombinase activity, formate-
tetrahydrofolate ligase activity, phophatidylinositol-4,5 biphosphate 
binding, Rho exchange factor 
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Module 8 Glutamine-fructose-6-phosphate transaminase activity, nitric oxide 
reductase activity, 1,3-beta-glucan synthase activity, RNA splicing 
  
Module 9 Nicotinamide N-methyltransferase activity, holocytochrome-c 
synthase activity, protein tag, electron carrier activity 
  
Module 10 DNA topoisomerase type 1 activity, endopeptidase activity, FFAT 
motif binding, phosphoinositide binding, GTP binding 
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The SPLN has scaling properties and is stable against random attack 
          Figure 8 shows that the SPLN approximates power law behaviour of the form f(K) 
= AKb (b is usually within the range of -2 to -3 in biological systems).  The resulting b 
value of – .6 calculated in this study may be explained by the the number of nodes (171) 
not being large enough to yield good statistical data.  Nevertheless, this power law 
approximation is sufficient to make the network stable against random attack but 
susceptible to a directed attack.  This attribute is due to the existence of only a few well 
connected nodes (hubs) but a preponderance of nodes with very few links (Figure 8 
shows that there are only three nodes with links greater than 20 but there are 136 nodes 
with links less than 5).  Figure 9 shows the decomposition curves of the SPLN when 
subjected to directed removal (red) and random removal (black) of nodes (plotted as 
nodes removed versus fraction of nodes remaining).    
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                                                            Figure 8 
 
                                      Power Distribution for Binding SPLN  
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                                                         Figure 9 
Stability, entropy, and fragility of the Binding SPLN.  The decomposition curves of 
the SPLN when subjected to directed removal and (red) and random removal (black) of 
nodes (plotted as nodes removed versus fraction of nodes remaining). 
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The SPLN conforms to “Small World” model of Watts and Strogatz 
          As mentioned previously, Watts and Strogatz observed that real world networks 
manifest two salient properties: 
1) Most pairs of vertices are linked via short path lengths through the network.  
Watts and Strogatz defined short path lengths to mean path lengths (l) 
comparable to those exhibited by random graphs with the same average vertex 
degrees and the same number of vertices (Newman et al., 2006). 
2) A very high probability that any two vertices will be directly linked to each other 
if they share a common neighbor (Newman et al., 2006).   Clustering is 
numerically represented as clustering coefficient, an indicator of how well each 
person in an individual’s circle knows each other.   A number approximating 1 
indicates that all the individual’s friends know each other while a number close 
to zero probably means that the individual’s friends are not acquainted with each 
other (Barabasi, 2002).    
As Watts and Strogatz defined it,  a network is considered a “small world”  if the 
average distance l is comparable with that on a random graph, l / lrg ~ 1, and the 
clustering coefficient is greater than that of a random graph, C / Crg >> 1 (Newman et 
al., 2006).  Figure 10 shows an Erdos-Renyi random graph that has an average distance 
of 3.765 and a clustering coefficient of 0.027.  The Binding SPLN (Figure 5) has an 
average distance of 3.761 and clustering coefficient of 0.107.   Based upon the criteria 
established by Watts-Strogatz the Binding SPLN is a “small world” network.    
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                                                        Figure 10 
Erdos-Renyi random graph.  The graph was generated using the same 171 
genes/proteins used to construct the SPLN.  The average degree assigned was 4.0. 
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The SPLN shares some subgraph patterns with other complex networks 
           The Binding SPLN presented with one 3-node motif (Figure 11A) and four 4-
node motifs (Figure 11B-E).  The 3-node motif reported here is consistent with the motif 
in yeast transcriptional network detected by Milo et al., (2002).   Further, they reported 
that this 3-node (undirected) subgraph is ubiquitous in internet router network.  Of the 4-
node subgraphs reported here, none are motifs in the yeast transcriptional network.  
However, the 4-node motif manifested in Figure 11E is a subgraph found in internet 
router network.   
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                                                      Figure 11 (A-E) 
Motifs detected in the Binding SPLN.  Subgraphs with three and four nodes 
determined using Fanmod, a tool for fast motif detection.  10,000 random graphs were 
generated.  In all cases, the following were ignored: subgraphs for which Z-score ≤ 2, 
subgraphs for which p-value ≥ 0.05, and subgraphs that were found less than 5 times. 
 
 
A. 3-node motif (p-value = 0; Z-score = 30.198) 
 
                                                      
 
B. 4-node motif (p-value = 0; Z-score = 23.89) 
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C. 4-node motif (p-value = 0; Z-score = 43.262) 
 
                                                     
 
D. 4-node motif (p-value = 0; Z-score = 2193.5) 
  
                                                      
 
E. 4-node motif (p-value = 0; Z-score = 2.9692) 
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Network comparison (Yeast, Fly, and Worm) 
Application of Shannon’s Information Theory 
          As indicated previously, Bonchev (2003a; 2003b; 2004; 2005) showed that a 
feasible way to measure graph complexity is via vertex degree magnitude-based 
information content, Ivd.  The information content is expected to increase with node 
connectivity and other complexity factors such as cycles, branches, cliques, etc.  The 
relative complexity of the yeast Binding SPLN can therefore be determined when 
compared to other complex networks.  Using Grafman software, the Ivd values of the Fly 
Binding SPLN (Figure 12), yeast Binding SPLN (Figure 5), and Worm Binding SPLN 
(Figure 13) are 375.67, 1813.36, and 2414.42 respectively.  So in terms of complexity 
based on information content, the worm netowrk is the most complex followed by the 
yeast network then the fly network. 
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                                                       Figure 12  
 
Fly Binding SPLN.  Binding Network of D. melanogaster constructed using Pajek 
software. The information index for distance degree distribution was determined using 
Grafman software. 
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                                                       Figure 13  
Worm Binding SPLN.  Binding Network of C. elegans constructed using Pajek.  The 
information index for distance degree distribution was determined using Grafman 
software. 
 
 
 
 
 
                                                        
 
 
 
 
 103
NetworkBlast Results 
          The yeast binding SPLN was compared to fly binding SPLN and worm binding 
SPLN to determine presence (or absence) of conserved pathways and complexes among 
the networks.  Network comparisons for both pairings did not yield significantly 
conserved pathways or complexes.  This may be attributed to inherent weaknesses in PPI 
network approach.  For example, the interactions from large-scale data sets may have 
significant false positive rates which then lead to networks not representing true 
interactions that occur in vivo, and PPIs only represent a fraction of all possible 
interactions that take place intracellularly.  The NetworkBlast reports for the pairings are 
as follows: 
Yeast versus Fly  
Converting interactions files 
Assuming tab-separated: in0_int, preserving as-is 
Assuming tab-separated: in1_int, preserving as-is 
** Finished inputs conversion ** 
NetworkBlast v1.1 
Copyright(c) Roded Sharan 2007, TAU. All rights reserved. 
Software website: www.cs.tau.ac.il/~roded/networkblast.htm 
Simulations enabled 
Params: in out beta=0.9 factor=2,2,-1 th=1e-30 
STATUS: Reading data 
Uniq homologs pairs = 6468 
343 interactions for species 0 on 171 genes 
108 interactions for species 1 on 86 genes 
0: p_t=0.0235255, p_o=0.0235982, p_te=0.0120471 
1: p_t=0.0295486, p_o=0.0295486, p_te=0.0152241 
Final number of (possibly isolated) vertices is 25. MAX_VER=20000 
STATUS: Building graph for random runs 
0: Expected number of interactions 341 
1: Expected number of interactions 107 
Finished building graph on 1 edges, 2 vertices 
0: #distinct proteins in graph = 2 
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1: #distinct proteins in graph = 2 
STATUS: Searching complexes in randomized graphs (i1/2) 
SIMULATION completed 
============================ 
STATUS: Searching complexes in randomized graphs (i2/2) 
SIMULATION completed 
============================ 
Computing Thresholds 
NET_TH: 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
Uniq homologs pairs = 25 
343 interactions for species 0 on 171 genes 
WARNING: SKIPPING illegal interactions line: CG3937 CG91880.5 
108 interactions for species 1 on 86 genes 
0: p_t=0.0235255, p_o=0.0235982, p_te=0.0120471 
1: p_t=0.0295486, p_o=0.0295486, p_te=0.0152241 
Final number of (possibly isolated) vertices is 25. MAX_VER=20000 
STATUS: Building graph 
0: Expected number of interactions 341 
1: Expected number of interactions 107 
Finished building graph on 0 edges, 0 vertices 
0: #distinct proteins in graph = 0 
1: #distinct proteins in graph = 0 
Networkblast generated an empty alignment graph 
  
Yeast versus Worm 
Converting interactions files 
Assuming tab-separated: in0_int, preserving as-is 
Assuming tab-separated: in1_int, preserving as-is 
** Finished inputs conversion ** 
NetworkBlast v1.1 
Copyright(c) Roded Sharan 2007, TAU. All rights reserved. 
Software website: www.cs.tau.ac.il/~roded/networkblast.htm 
Simulations enabled 
Params: in out beta=0.9 factor=2,2,-1 th=1e-30 
STATUS: Reading data 
Uniq homologs pairs = 8097 
598 interactions for species 0 on 390 genes 
343 interactions for species 1 on 171 genes 
0: p_t=0.00788346, p_o=0.00788346, p_te=0.00397305 
1: p_t=0.0235255, p_o=0.0235982, p_te=0.0120471 
Final number of (possibly isolated) vertices is 21. MAX_VER=20000 
STATUS: Building graph for random runs 
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0: Expected number of interactions 597 
1: Expected number of interactions 341 
Finished building graph on 0 edges, 0 vertices 
0: #distinct proteins in graph = 0 
1: #distinct proteins in graph = 0 
Networkblast generated an empty alignment graph 
 
Replicative Assay Results: Predictive success of Binding SPLN 
          The binding sub-network is made up of 171 genes/proteins which include 33 of 
the input LAGs (7 of the input genes did not have interactions in the binding sub-
network but were incorporated in the composite network) (Figure 5, Appendix E).  
Removal of the input genes, essential genes, and genes without corresponding deletion 
strains in the yeast ORF collection resulted in 88 candidate genes for RLS analysis 
(Appendix F).  To determine whether the binding subetwork successfully predicted new 
LAGs, a previously described iterative approach for large scale RLS analysis was 
employed (Kaeberlein & Kennedy, 2005) each deletion mutant was initially tested in 
strains from the MATα ORF collection, and in cases where a statistically significant 
(p<0.05) increase in median was observed, RLS was determined for independently-
derived isogenic cells taken from the MATa ORF deletion collection .  This scheme 
resulted in the identification of seven single-gene deletion strains that were significantly 
long-lived in both haploid mating types (elp4∆, rim1∆, rpl20b∆, sok1∆, tma19∆, sps1∆ 
and tif4632∆) (Figure 14 A-G).  Pooling data from both mating types yielded seven 
single gene deletion strains that were significantly long-lived (loc1∆, boi2∆, snf1∆, 
tom1∆, sip2∆, swi5∆ and gcn4∆) (Figure 15 A-G).  Nine single-gene deletion strains 
manifested significant life span extension only in MATα background (abp1∆, clb2∆, 
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idp3∆, rtn1∆, rvs161∆, sec28∆, phd1∆, taf14∆ and ysc84∆) (Figure 16 A-I).  The 
mating-specific differences may be attributed to genetic changes that emerged during the 
creation of the deletion constructs.   
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                                                       Figure 14 (A-G) 
 
Survival curves of single-gene deletion strains that were significantly long-lived in 
both mating types. Replicative life span was determined for each single deletion strain 
(∆) available in the ORF deletion collection that corresponds to genes in the binding sub-
network (excluding essential genes and input genes).  RLS data for each haploid deletion 
and experimental wild type mother cells are shown as mean RLS with number of cells 
assayed in parenthesis.  P-value was calculated by Wilcoxon Rank-Sum test.  
Descriptions, GO annotations, and orthologs (Model Organism BLAST P best hits, 
Ortholog search P-POD, YOGY) were obtained from SGD database, Stanford 
University (www.yeastgenome.org) 
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A. rpl20b∆ (YOR312C) 
MATα 35.7 (305); WT 26.4 (305); p-value = 2.2E-25 
MATa 37.2 (100); WT 25.3 (80); p-value = 2.1E-10 
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Name Description:  
Ribosomal Protein of the large subunit (LSU) 
 
Description:  
Protein component of the large (60S) ribosomal subunit, nearly identical to Rpl20Ap and 
has similarity to rat L18a ribosomal protein 
 
Molecular Function:  
Structural constituent of ribosome  
 
Biological Process: 
Ribosome biogenesis and assembly; translation 
 
Orthologs: 
H. sapiens (ENSP00000222247) 
M. musculus (ENSMUSP00000058368, ENSMUSP00000083977) 
D. melanogaster (Rpl18A-PA) 
C. elegans (E04A48) 
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B. sok1∆ (YDR006C) 
MATα 39.7 (45); WT 26.3 (65); p-value = 5.6E-09 
MATa 35.0 (100); WT 28.8 (120); p-value = 1.8E-05 
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Name Description: 
Suppressor of Kinase 
 
Description: 
Protein whose overexpression suppresses the growth defect of mutants lacking protein 
kinase A activity; involved in cAMP-mediated signaling; localized to the nucleus; 
similar to the mouse testis-specific protein PBS13 
 
Molecular Function:  
Molecular function unknown   
 
Biological Process: 
cAMP-mediated signaling 
 
Orthologs: 
H. sapiens (ENSP00000299045) 
M. musculus (ENSMUSP00000020223) 
D. melanogaster (CG16721-PA) 
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C. tma19∆ (YKL056C) 
MATα 33.4 (45); WT 25.3 (65); p-value = 2.2E-04 
MATa 37.4 (60); WT 30 (80); p-value = 1.6E-03 
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Name Description: 
Translation Machinery Associated 
 
Description: 
Protein that associates with ribosomes; homolog of translationally controlled tumor 
protein; green fluorescent protein (GFP)-fusion protein localizes to the cytoplasm and 
relocates to the mitochondrial outer surface upon oxidative stress 
 
Molecular Function: 
Molecular_function unknown (ND)  
 
Biological Process: 
Response to oxidative stress; translation (IMP)  
 
Orthologs: 
H. sapiens (ENSP00000255477, ENSP00000368350)  
M. musculus (ENSMUSP00000074318) 
D. melanogaster (Tctp-PA) 
C. elegans (F25H2.11) 
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D. sps1∆ (YDR523C) 
MATα 31.5 (45); WT 25.4 (45); p-value = 9.2E-03 
MATa 33.9 (80); WT 29.8 (80); p-value = 3.8E-02 
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Name Description: 
Sporulation Specific 
 
Description: 
Putative protein serine/threonine kinase expressed at the end of meiosis and localized to 
the prospore membrane, required for correct localization of enzymes involved in spore 
wall synthesis 
 
Molecular Function: 
Protein serine/threonine kinase activity  
 
Biological Process:  
Ascospore formation; ascospore wall assembly; protein amino acid phosphorylation 
 
Orthologs: 
H. sapiens (ENSP00000261573, ENSP00000365730) 
M. musculus (ENSMUSP00000027498, ENSMUSP00000033444) 
D. melanogaster (CG5169-PA) 
C. elegans (T19A5.2)  
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E. tif4631∆ (YGR162W) 
MATα 27.9 (95); WT 23.7 (145); p-value = 6.6E-03 
MATa 33.1 (100); WT 27 (100); p-value = 2.8E-04 
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Name Description: 
Translation Initiation Factor 
 
Description: 
Translation initiation factor eIF4G, subunit of the mRNA cap-binding protein complex 
(eIF4F) that also contains eIF4E (Cdc33p); associates with the poly(A)-binding protein 
Pab1p, also interacts with eIF4A (Tif1p); homologous to Tif4632p 
 
Molecular Function: 
Translation initiation factor activity   
 
Biological Process:  
Ribosome biogenesis and assembly; translational initiation   
 
Orthologs: 
H. sapiens (ENSP00000364071) 
M. musculus (ENSMUSP00000030543) 
D. melanogaster (I(2)01424-PC) 
C. elegans (M110.4a, M110.4b) 
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F. elp4∆ (YPL101W) 
MATα 34.5 (45); WT 25.6 (65); p-value = 1.2E-05 
MATa 31.3 (80); WT 27.9 (120); p-value = 9.0E-03 
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Name Description:  
ELongator Protein 
 
Description:  
Subunit of Elongator complex, which is required for modification of wobble nucleosides 
in tRNA; required for Elongator structural integrity 
 
Molecular Function:  
Molecular_function unknown 
 
Biological Process:  
Regulation of transcription from RNA polymerase II promoter; tRNA modification 
 
Othologs: 
H. sapiens (ENSP00000265650) 
M. musculus (ENSMUSP00000028588) 
D. melanogaster (CG6907-PA) 
C. elegans (C26B2.6) 
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G. rim1∆ (YCR028C-A) 
MATα 29 (65); WT 25.5 (85); p-value = 2.4E-02 
MATa 33.9 (100); WT 28.6 (160); p-value = 3.1E-04 
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Name Description: 
Replication in Mitochondria 
 
Description: 
Single-stranded DNA-binding protein essential for mitochondrial genome maintenance; 
involved in mitochondrial DNA replication 
 
Molecular Function:  
Single-stranded DNA binding (IDA)  
 
Biological Process:  
Mitochondrial DNA replication; mitochondrial genome maintenance (IMP)  
 
Ortholog: 
No current matches in SGD 
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                                                    Figure 15 (A-G) 
 
Survival curves of single-gene deletion strains that were significantly long-lived 
when data for both mating types were pooled. Replicative life span was determined 
for each single deletion strain (∆) available in the ORF deletion collection that 
corresponds to genes in the binding sub-network (excluding essential genes and input 
genes).  RLS data for each haploid deletion and experimental wild type mother cells are 
shown as mean RLS with number of cells assayed in parenthesis.  P-value was 
calculated by Wilcoxon Rank-Sum test.  Pooled haploid data refers to pooled MATα and 
MATa deletion and wild type data.  Descriptions, GO annotations, and orthologs (Model 
Organism BLAST P best hits, Otholog search P-POD, YOGY) were otained from SGD 
database, Stanford University (www.yeastgenome.org) 
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A. loc1∆ (YFR001W) 
∆Pooled 32.1 (65); WT 26.2 (85); p-value = 5.0E-03 
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Name Description:  
LOCalization of ASH1 mRNA 
 
Description: 
Nuclear protein involved in asymmetric localization of ASH1 mRNA; binds double-
stranded RNA in vitro; constituent of 66S pre-ribosomal particles 
 
Molecular Function:  
mRNA binding 
 
Biological Process:  
Intracellular mRNA localization; ribosomal large subunit biogenesis and assembly  
 
Orthologs: 
No current matches in SGD 
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B. boi2∆ (YER114C) 
∆Pooled 31.9 (125); WT 27.6 (165); p-value = 4.5E-04 
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Name Description: 
Bem1 (One) Interacting protein 
 
Description:  
Protein implicated in polar growth, functionally redundant with Boi1p; interacts with 
bud-emergence protein Bem1p; contains an SH3 (src homology 3) domain and a PH 
(pleckstrin homology) domain 
 
Molecular Function: 
Phospholipid binding 
 
Biological Process: 
Budding cell apical bud growth; cytokinesis, completion of separation; establishment of 
cell polarity; Rho protein signal transduction (TAS)  
 
Orthologs: 
H. sapiens (ENSP00000347883) 
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C. snf1∆ (YDR477W) 
∆Pooled 29.8 (140); WT 26.6 (160); p-value = 4.9E-02 
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Name Description:  
Sucrose NonFermenting 
  
Description:  
AMP-activated serine/threonine protein kinase found in a complex containing Snf4p and 
members of the Sip1p/Sip2p/Gal83p family; required for transcription of glucose-
repressed genes, thermotolerance, sporulation, and peroxisome biogenesis 
 
Molecular Function:  
AMP-activated protein kinase activity 
 
Biological Process:  
Biofilm formation; cell adhesion; cellular response to nitrogen starvation; invasive 
growth in response to glucose limitation; positive regulation of gluconeogenesis; protein 
amino acid phosphorylation; pseudohyphal growth; regulation of carbohydrate metabolic 
process, replicative cell aging, signal transduction 
 
Orthologs: 
H. saliens (ENSP00000294393, ENSP00000360290) 
M. musculus (ENSMUSP00000030243) 
D. melanogaster (SNF1A-P[A-B]) 
C. elegans (T01C8.1 a-c) 
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D. sip2∆ (YGL208W) 
∆Pooled 29.9 (125); WT 27 (145); p-value = 3.3E-02 
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Name Description: 
SNF1-Interacting Protein 
 
Description:  
One of three beta subunits of the Snf1 serine/threonine protein kinase complex involved 
in the response to glucose starvation; null mutants exhibit accelerated aging; N-
myristoylprotein localized to the cytoplasm and the plasma membrane 
 
Molecular Function:  
Contributes_to AMP-activated protein kinase activity  
 
Biological Process:  
Cellular response to glucose starvation; invasive growth in response to glucose 
limitation; protein amino acid phosphorylation, regulation of protein complex assembly, 
replicative cell aging; signal transduction  
 
Orthologs: 
H. sapiens (ENSP00000254101, ENSP00000358285) 
M. musculus (ENSMUSP00000031486) 
D. melanogaster (CG8057-P[A-B]) 
C. elegans (F55F3.1) 
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E. gcn4∆ (YEL009C) 
∆Pooled 26.7(1285); WT 25.4 (1325); p-value = 8.0E-03 
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Name Description: 
General Control Nonderepressible 
 
Description:  
Basic leucine zipper (bZIP) ranscriptional activator of amino acid biosynthetic genes in 
response to amino acid starvation; expression is tightly regulated at both the 
transcriptional and translational levels 
 
Molecular Function:  
DNA binding; transcription factor activity 
 
Biological Process:  
Amino acid biosynthetic process; positive regulation of gene-specific transcription 
involved in unfolded protein response; regulation of transcription from RNA polymerase 
II promoter (IMP)  
 
Orthologs: 
H. sapiens (ENSP00000252818) 
M. musculus (ENSMUSP00000056402) 
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F. tom1∆ (YDR457W) 
∆Pooled 31 (145); WT 27.7 (225); p-value = 8.7E-03 
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Name Description:  
Temperature dependent Organization in Mitotic nucleus 
 
Description:  
E3 ubiquitin ligase of the hect-domain class; has a role in mRNA export from the 
nucleus and may regulate transcriptional coactivators 
 
Molecular Function: Ubiquitin-protein ligase activity 
  
Biological Process: Mitosis; nuclear organization and biogenesis; nucleocytoplasmic 
transport, protein monoubiquitination; protein polyubiquitination; regulation of cell size 
(IMP)  
 
Orthologs: 
H. sapiens (ENSP00000262854, ENSP00000340648) 
M. musculus (ENSMUSP00000026292) 
D. melanogaster (CG8184-PB) 
C. elegans (Y67D8C.5) 
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G. swi5∆ (YDR146C) 
∆Pooled 31.45 (45); WT 25.7 (85); p-value = 1.2E-02 
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Name Description:  
SWItching deficient 
 
Description:  
Transcription factor that activates transcription of genes expressed at the M/G1 phase 
boundary and in G1 phase; localization to nucleus occurs during G1 and appears to be 
regulated by phophorylation by Cdc28p kinase. 
 
Molecular Function: Transcription activator activity 
  
Biological Process: G1-specific transcription in mitotic cell cycle 
 
Orthologs: 
H. sapiens (ENSP00000250916) 
D. melanogaster (CG4427) 
C. elegans (T22C8.5) 
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                                                  Figure 16 (A-I) 
 
Survival curves of single-gene deletion strains that were significantly long-lived 
only in MATα Replicative life span was determined for each single deletion strain (∆) 
available in the ORF deletion collection that corresponds to genes in the binding sub-
network (excluding essential genes and input genes).  RLS data for each haploid deletion 
and experimental wild type mother cells are shown as mean RLS with number of cells 
assayed in parenthesis.  P-value was calculated by Wilcoxon Rank-Sum test. 
Descriptions, GO annotations, and orthologs (Model Organism BLAST P best hits, 
Otholog search P-POD, YOGY) were otained from SGD database, Stanford University 
(www.yeastgenome.org) 
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A. abp1∆ (YCR088W) 
MATα 30.5 (40); WT 25.4 (45); p-value = 1.1E-02 
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Name Description:  
Actin Binding Protein 
 
Description: 
Actin-binding protein of the cortical actin cytoskeleton, important for activation of the 
Arp2/3 complex that plays a key role actin in cytoskeleton organization 
 
Molecular Function:  
Protein binding  
 
Biological Process:  
Actin cortical patch assembly; establishment of cell polarity  
 
Orthologs: 
H.sapiens (ENSP00000258780) 
M. musculus (ENSMUSP00000020769) 
D. melanogaster (CG10083-PA) 
C. elegans (K08E3.4) 
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B.clb2∆ (YPR119W) 
MATα 28.7 (65); WT 24.6 (65); p-value = 2.2E-02 
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Name Description:  
CycLin B 
 
Description:  
B-type cyclin involved in cell cycle progression; activates Cdc28p to promote the 
transition from G2 to M phase; accumulates during G2 and M, then targeted via a 
destruction box motif for ubiquitin-mediated degradation by the proteasome 
 
Molecular Function:  
Cyclin-dependent protein kinase regulator activity (TAS) 
 
Biological Process: 
G2/M transition of mitotic cell cycle; regulation of cyclin-dependent protein kinase 
activity (TAS)  
 
Orthologs: 
H. sapiens (ENSP00000288207, ENSP00000256442)) 
M. musculus (ENSMUSP00000029270, ENSMUSP00000029368) 
D. melanogaster (CycB-PC) 
C. elegans (T06E6.2a-b, ZK507.6)) 
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C. idp3∆ (YNL009W) 
MATα 29.9 (65); WT 26.2 (65); p-value = 2.2E-02 
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Name Description:  
Isocitrate Dehydrogenase, NADP-specific 
 
Description: 
Peroxisomal NADP-dependent isocitrate dehydrogenase, catalyzes oxidation of 
isocitrate to alpha-ketoglutarate with the formation of NADP(H+), required for growth 
on unsaturated fatty acids 
 
Molecular Function:  
Isocitrate dehydrogenase (NADP+) activity 
 
Biological Process: Fatty acid beta-oxidation; isocitrate metabolic process; NADPH 
regeneration  
 
Orthologs:  
H. sapiens (ENSP00000260985, ENSP00000331897) 
M. musculus (ENSMUSP00000027087) 
D. melanogaster (Idh-P[A-G]) 
C. elegans (C34F6.8, F59B.2) 
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D. rtn1∆ (YDR233c) 
MATα 29.8 (65); WT 25.8 (85); p-value = 9.2E-03 
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Name Description:  
ReTiculoN-like  
 
Description:  
ER membrane protein that interacts with exocyst subunit Sec6p and with Yip3p; also 
interacts with Sbh1p; null mutant has an altered (mostly cisternal) ER morphology; 
member of the RTNLA (reticulon-like A) subfamily 
 
Molecular Function:  
Molecular_function unknown 
  
Biological Function:  
Biological_process unknown 
 
Ortholog:  
H. sapiens (ENSP00000245923, ENSP00000345127) 
M. musculus (ENSMUSP00000032559) 
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E. rvs161∆ (YCR009C) 
MATα 29.4 (45); WT 25.9 (65); p-value = 2.5E-02 
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Name Description:   
Reduced Viability on Starvation 
 
Description:  
Amphiphysin-like lipid raft protein; subunit of a complex (Rvs161p-Rvs167p) that 
regulates polarization of the actin cytoskeleton, endocytosis, cell polarity, cell fusion and 
viability following starvation or osmotic stress 
 
Molecular Function:  
Cytoskeletal protein binding (IPI, ISS)  
 
Biological Process: Bipolar cellular bud site selection, endocytosis, response to osmotic 
stress 
 
Orthologs: 
H. sapiens (ENSP00000276416) 
M. musculus (ENSMUSP00000022680) 
D. melanogaster (Amph-PA) 
C. elegans (F58Gg.1) 
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F. sec28∆ (YIL076W) 
MATα 31.2 (35); WT 25.6 (65); p-value = 5.7E-03 
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Name Description: 
SECretory 
 
Description:  
Epsilon-COP subunit of the coatomer; regulates retrograde Golgi-to-ER protein traffic; 
stabilizes Cop1p, the alpha-COP and the coatomer complex; non-essential for cell 
growth 
 
Molecular Function: Molecular_function unknown 
  
Biological Process: ER to Golgi vesicle-mediated transport; late endosome to vacuole 
transport via multivesicular body sorting pathway; vesicle coating 
 
Orthologs: 
No current matches in SGD 
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G. ysc84∆ (YHR016C) 
MATα 28.7 (40); WT 24.1 (65); p-value = 1.9E-02 
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Description:  
Protein involved in the organization of the actin cytoskeleton; contains SH3 domain 
similar to Rvs167p 
 
Molecular Function:  
Molecular_function unknown 
  
Biological Process: Actin filament organization; endocytosis (IMP)  
 
Orthologs: 
H. sapiens (ENSP00000308903, ENSP00000311922) 
M. musculus (ENSMUSP00000020997) 
D. melanogaster (POSH-PA) 
C. elegans (C14F5.5) 
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H. phd1∆ (YKL043W) 
MATα 29 (25); WT 23.8 (25); p-value = 1.6E-02 
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Name Description: 
PseudoHyphal Determinant 
 
Description: 
Transcriptionalactivator that enhances pseudohyphal growth; regulates expression of 
FLO11, an adhesin required for pseudohyphal filament formation; similar to StuA, an A. 
nidulans developmental regulator; potential Cdc28p substrate 
 
Molecular Function: 
Transcription factor activity  
 
Biological Process: Positive regulation of transcription from RNA polymerase II 
promoter; pseudohyphal growth 
 
Ortholog: 
No current matches in SGD 
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I.taf14∆ (YPL129W) 
MATα 29.6 (65); WT 25.7 (105); p-value = 1.2E-02 
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Name Description: 
TATA binding protein associated factor 
 
Description: 
Involved in RNA polymerase II transcription initiation and chromatin modification 
 
Molecular Function: 
RNA polymerase II transcription factor activity; contributes to H3/H4 histone 
acetyltransferase activity 
 
Biological Process: 
Chromatin remodeling; G1-specific transcription mitotic cell cycle; histone acetylation; 
transcription initiation from RNA polymerase II promoter 
 
Ortholog: 
H. sapiens (ENSP00000369695, ENSP00000307804) 
C. elegans (Y105E8B.7) 
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      Prior study of 564 randomly selected single-gene deletion strains employing 
previously described iterative process for RLS analysis (Kaeberlein et al., 2005c)  
facilitates estimation of expected frequency of lifespan extension among randomly 
chosen deletion strains and determine whether the binding replicative network is 
enriched for strains which are long-lived (data for randomly selected 564 deletion strains 
is provided in Appendix G).  It is expected that approximately 2.7% (15/564) of 
randomly selected single gene mutants will be long-lived in both mating types, while 
4.3% (24/564) are expected to manifest a significant increase in life-span when data 
from both mating types are pooled.  In both cases, the set of deletion mutants which 
were incorporated in the binding replicative network is significantly enriched for 
increased RLS (Table 6), when compared to randomly selected deletion mutants.  When 
only MATα is considered, a significant enrichment for the long-lived deletion mutants 
from the binding network is observed: 22.7% (20/88) are significantly long-lived in the 
binding dataset compared to 7.6% (43/564) in the random set.  The set of deletion strains 
from the binding network is also significantly enriched for increased RLS when 
compared against data obtained as part of an on-going genome-wide analysis of RLS 
across the entire set of yeast deletion mutants (Kaeberlein & Kennedy, 2005) (Table 6).   
        
 
 
 
 
 134
 
                                                                       
                                                                       Table 6 
 
            Frequency of replicative lifespan extension in single-gene deletion strains from the 
Binding SPLN relative to randomly selected strains.   The number of single-gene 
deletion strains that are significantly long-lived in the binding SPLN, a randomly 
selected set of 564 deletion strains (R564), or the 4681 deletion strains from the deletion 
collection for which RLS data has been obtained (DELSET), and the total number of 
single-gene deletion strains present in each set is shown. P-values are shown in 
parentheses and calculated using Fisher’s exact test.   
 
Dataset 
# of Deletions 
Analyzed 
MATα < 0.05 
MATa < 0.05 Pooled < 0.05 MATα < 0.05 
Binding  88 7 14 20 
R564 564 15 (p=0.02) 24 (p=5x10-5) 43 (p=4x10-7) 
DELSET 4681 72(p=8.2x10-4) 288 (p=4x10-3) 382 (p=1x10-5) 
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           Construction of the binding network is based upon PPIs which incorporate both 
positive and negative regulatory interactions thus many of the network’s components are 
likely to function in a longevity promoting role, and deletion of such components may be 
associated with decrease in life-span.  MATα mean RLS cutoff values of 20 generations 
and 15 generation (parental strain average RLS is ~26 generations) were used as 
comparators to test whether short-lived deletions occur more frequently in the binding 
network compared to either set of 564 randomly chosed strains or to the entire MATα 
haploid collection.  36% (32/88) of the deletion strains from the binding network 
presented with mean RLS less than 20 generations while only 17% of either randomly 
selected deletions (96/564) or the entire deletion set (820/4681) have mean RLS less 
than 20 generations.  Using 15 generations as mean RLS cutoff:  15% (13/88) of strains 
from binding network, 3% (19/564) of strains from randomly selected deletions, and 5% 
(231/4681) of strains from the entire MATα collection have mean RLSs below the 
comparator.  In all cases, the p-values were less 0.05 using Fisher’s exact test (Table 7).   
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                                                    Table 7 
 
Frequency of decreased replicative life span in single-gene deletion 
strains from the Binding SPLN compared to randomly selected strains. 
The number of single-gene deletion strains with an observed mean 
replicative life span (MRLS) less than 15 or 20 in the Binding shortest-path 
longevity network (SPLN), a randomly selected set of 564 deletion strains 
(R564), or the 4681 deletion strains from the deletion collection for which 
RLS data has been obtained (DELSET) is shown.  The total number of 
deletion strains (# of Deletions Analyzed) is also shown. P-values are 
shown in parentheses and calculated using Fisher’s exact test.   
 
Dataset 
# of Deletions 
Analyzed MRLS < 15 MRLS < 20 
Binding  88 13 32 
R564 564 19 (p=8.2x10-5) 96 (p=5.5x10-5) 
DELSET 4681 231 (p=4.6x10-4) 818 (p=2.3x10-5) 
 
 
 
 
 
 
 
 
 
 
 137
                                               Chapter 8 Discussion 
 
           Originally proposed by Witten (1984; 1985b), network strategies are now being 
applied to unravel the complexity of aging. However, only limited biological validation 
of this type has been attempted.  Here, a shortest-path network strategy is applied to 
facilitate identification of previously unknown LAGs that modulate replicative life-span 
(RLS) in yeast.  The foundation of this approach is a conjecture by Bonchev and Witten 
(2007) that proteins connecting pairs of other proteins with well-defined biological 
functions (e.g. modulating longevity) have a higher probability of sharing attributes and 
functions versus those that have been chosen randomly.  Such a pattern is expected to be 
strongly manifested in a shortest-path network constructed of all genes/proteins 
associated with synonymous biological functions.  To ensure occurrence of this pattern, 
the Binding SPLN was constructed from a list of previously reported LAGs, with the 
criterion that only genes associated with increased RLS were to be incorporated in the 
list.  An analysis of the Binding SPLN led to the conclusion that it is enriched for genes 
that promote longevity and also enriched for genes that limit longevity (p < 0.05 in all 
cases by Fisher’s Exact Test).  The Binding SPLN successfully predicted LAGs at a rate 
significantly greater than can be achieved by randomly selecting genes from a randomly 
chosen set of 564 deletion strains or from the entire yeast deletion collection. Subsequent 
RLS analysis of candidates resulted in the identification of seven single gene deletions 
that were significantly long-lived in both haploid mating types: epl4∆, rim1∆, rpl20b∆, 
sok1∆, tma19∆, sps1∆ and tif4631∆.  When data from both mating types were pooled 
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seven single gene deletion strains were found to be significantly long-lived: loc1∆, 
boi2∆, swi5∆, snf1∆, tom1∆, sip2∆ and gcn4∆.  Nine single-gene deletion strains unique 
only to MATα presented with significant life span extension: abp1∆, clb2∆, idp3∆, 
phd1∆, rtn1∆, rvs161∆, sec28∆, taf14∆, and ysc84∆.   
          It is worth noting that SOK1 deletion, which was observed to increase RLS in both 
MATa and MATα, interacts genetically with both the target of rapamycin (TOR) kinase 
and the cyclic AMP-dependent kinase (PKA); overexpression of SOK1 suppresses 
phenotypes associated with reduced PKA activity and confers resistance to the TOR-
inhibitor rapamycin (Schmelzle et al., 2004; Ward & Garrett, 1994).  Data gathered here 
demonstrates that deletion of SOK1 is sufficient to confer increased RLS.  Taken 
together, these findings support the hypothesis that Sok1 functions in parallel with TOR 
and PKA to modulate longevity.  TOR and PKA, along with the ribosomal S6 kinase 
ortholog Sch9 are thought to mediate life-span extension in response to dietary 
restriction (DR), and epistasis analysis places deletion of TOR1, deletion of SCH9, and 
mutations that reduce PKA activity in the same pathway as DR and in a pathway parallel 
to the histone deacetylase Sir2 (Fabrizio et al., 2004; Kaeberlein et al., 2004b; 
Kaeberlein et al., 2005c; Kaeberlein et al., 2006).  It is very likely that deletion of SOK1 
could function as a genetic mimic of DR and is therefore worthy of additional 
investigation.  Three other genes deletion found to confer longevity in both haploid 
mating types are likely to function in the same longevity pathway downstream of TOR, 
PKA, and Sch9 by regulating translation of mRNA:  TIF4631, which codes for a 
translation initiation factor, RPL20B which codes for a constituent of large ribosomal 
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subunit, and TMA19, which codes for a homolog of translationally controlled tumor 
protein and has been shown to interact with ribosomes (Fleischer et al., 2006).   Tif4631 
was recently identified as one member of a set of evolutionarily conserved longevity 
factors that modulate aging by regulating mRNA translation (E. D. Smith et al., 2008).  
In a separate investigation, Steffen et al., (2008), reported that RPL20b also functions 
downstream of TOR and Sch9 and modulates replicative lifespan through a process that 
involves increased translation of GCN4.  It is worth noting that GCN4 and the eIF2 
kinase GCN2, which regulates translation of GCN4, are vertices also in the Binding 
SPLN.  The topology and structure of the network appear to accurately reflect the most 
important aspects in yeast longevity control as evidenced by key components in the 
nutrient responsive TOR longevity pathway being identified in this study.  It must be 
noted however, that the LAGs identified here are not confined only to TOR signaling.  
Many of the LAGs that have been identified in this study have no known association 
with TOR signaling.  As an example, BOI2 is a fungal-specific gene that has been 
implicated in polar growth and bud emergence.  One may speculate that BOI2 influences 
RLS (a measurement of cell’s budding capacity) through its role in bud emergence by 
modulating retention of extrachromosomal rDNA circles or oxidatively damaged 
proteins in mother cells, both of which are linked with aging in yeast.  Other LAGs 
identified in this study that have no known links with TOR activity include, ELP4, SPS1 
and RIM1.  The Binding SPLN allowed for determination of LAGs with diverse 
functions that highlight the diverse genetic relationships and molecular mechanisms that 
underlie replicative aging in yeast.    
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          Vertex degree along with a hierarchical set of centricity criteria (described in 
Materials and Methods) were applied in order to quantify the structural significance of 
selected nodes in the Binding SPLN. The underlying premise is the more connected and 
central the node, the larger the fraction of interactions that pass through it, therefore the 
larger the influence that node would have within the network (Witten & Bonchev, 2007).  
It is worth noting that the top 2 genes in the Binding network are essential genes.  When 
only the top 5 are considered, 3 of those are essential genes (ACT1, GFA1, and HYP2).  
In this topological construct, essential genes can be considered conceptual equivalents of 
Witten’s “critical elements” (Witten, 1985b).  Critical elements have immediate trivial 
analogues in living systems where removal of such components would result in ultimate 
failure of the system (for example: if one removes a human heart, the individual would 
die).  In yeast haploid mating types, deleting essential genes would render the organisms 
inviable.   Among the 10 top ranked genes, only 2 are lifespan extending: TMA19, 
which was found to be long in both mating types and ABP1, which was found to be long 
only in MATα.  This suggests that perturbation of the Binding SPLN may lead to 
shortening of lifespan.   
          Modularity analysis of the network reveals discrete community structures 
characterized by higher density of links between elements of each community than 
between the communities themselves (Newman, 2006).  Each discrete entity performs a 
set of tasks easily distinguishable from those set of tasks performed by another entity.  
This attribute shown by the Binding SPLN is consistent with other complex networks 
that also undergo natural decomposition into modules or communities:  computer 
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networks, social or friendship networks, food webs, power grids, internet routers, 
metabolic and regulatory networks.   It would be interesting to further assess the 
biochemical dynamics of the SPLN at the modular level where diverse groups of nodes 
routinely carry out diverse functions with relative independence.   
          The Binding SPLN exhibits a high degree of tolerance against random errors (or 
attack) but not against targeted attacks.  This robustness is unique only networks that are 
wired in an inhomologous manner (Albert et al., 2000).  The Binding SPLN 
approximates a scale-free network, (f(K) = AKb (b is usually within the range -.2 to -.3 
in biological systems). The b value calculated in this study (-.6) may be explained by the 
number of nodes not being large enough to yield desirable statistical data.  Even so, this 
power law approximation is sufficient to make the network stable against random attack 
but very susceptible to a directed attack.  Consistent with complex networks, the Binding 
SPLN contains only a few hubs (3 nodes with links >20) but contains a preponderance of 
nodes with very few links (136 nodes with links < 20).    
          The Watts-Strogatz model specifies that real world networks manifest two salient 
properties: the small world effect and high clustering (Newman et al., 2006; Watts & 
Strogatz, 1998).  The small world effect means that most of the pairs of vertices are 
connected by short path lengths throughout the network.  High clustering means that 
there exists a high probability that any two vertices will be directly linked to each other 
if they share common neighbor (Newman et al., 2006).  When compared to an Erdos-
Renyi random graph (comparable in terms of vertex degrees and number of vertices) the 
SPLN presents with comparable average distance with the random graph. Further, it 
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presents with clustering coefficient greater than that of the random graph.  These 
attributes exhibited by the Binding SPLN make it fit the small world model of Watts and 
Strogatz.  Hence, it belongs with other empirical examples of small world networks such 
as power grids, C. elegans neural network, and network of film actors.  And like these 
networks, the Binding SPLN is capable of exhibiting enhanced signal propagation speed 
and synchronizability (Newman et al., 2006; Watts & Strogatz, 1998). 
          The Binding SPLN is a complex network that reveals patterns within it that occur 
far more frequently than in randomized network.  The search for motifs in the SPLN 
yields a fundamental design principle (3-node motif) that is consistent with that detected 
by Milo et al., (2002) in the overall PPI network for yeast and in internet routers.   
          A comparison of the yeast SPLN against similar networks for fly and worm did 
not yield conserved pathways or complexes.  This may be because interactions from 
large-scale data sets contain significant false positive rates which result in the networks 
not representing true in vivo interactions.  Further, PPIs represent only a fraction of all 
possible interactions that take place intracellularly.  Given that SPLNs are by all 
accounts subgraphs (and therefore contain significantly lower number of nodes than their 
respective total proteome networks), conserved pathways across the three networks are 
very less likely to occur.   An alternate method of conducting network comparison is by 
determining the relative complexities of the three SPLNs.  Bonchev (2003a; 2003b; 
2004; 2005) has shown that a feasible way to measure graph complexity is via vertex 
degree magnitude-based information content, Ivd.  The information content is expected to 
increase with node connectivity and other complexity factors such as cycles, branches, 
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cliques, etc.  The relative complexity of the yeast Binding SPLN can therefore be 
determined when compared to other complex networks.  The calculated Ivd values of the 
fly Binding SPLN, yeast Binding SPLN and worm Binding SPLN show that the worm 
network is the most complex followed by yeast network then fly network. 
          Using Binding network to identify novel LAGs holds plenty of promise; but it 
must be recognized that some features of the experimental design employed here may 
have limited the predictive power of the network.  For example, the set of previously 
reported LAGs used to derive the (predictive) Binding SPLN was generated based on 
RLS data from studies performed by multiple laboratories using a variety of yeast 
isolates of diverse genetic composition.  This approach was taken in order to be as 
inclusive as possible when building the Composite SPLN; however, strain-specific 
effects are known to influence RLS, and some of the mutations reported to increase RLS 
in other strain backgrounds do not have a similar life span-extending effect in the 
parental strains of the ORF deletion collection used for all RLS analysis in this study 
(Kaeberlein et al., 2005b).  Future iterations of the network are likely to benefit by 
limiting the input genes/proteins to only those known to influence aging in BY4741 and 
BY4742.  A second feature that may have limited the predictive power of the Binding 
network is the sole use of protein-protein interactions in order to build the network.  
Protein-protein interactions from large-scale data sets are known to have significant 
false-positive rates, which may result in the Binding SPLN not representing true in vivo 
interactions.  In addition, protein-protein interactions represent only a fraction of all 
possible interactions that can occur in cells.  For example, transcriptional regulation (or 
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repression) of a gene by a transcription factor would not be represented in the Binding 
SPLN, yet may be highly relevant in determining longevity.  Thus, a comprehensive 
analysis of the Composite network is likely to identify additional RLS LAGs that were 
not identified here.  It remains to be determined whether the Composite SPLN would be 
more or less efficient at predicting LAGs compared to the Binding network.   
          The ability to accurately predict genetic and environmental determinants of 
longevity has proven difficult.  Several approaches toward longevity gene identification 
have been attempted, including characterization of gene expression and physiological 
biomarkers of longevity, candidate gene analyses, and unbiased genomic screening.  The 
data presented here demonstrate that a network-based analysis is a useful tool for 
predicting genes/proteins that modulate longevity.  Although the analysis described here 
was limited to genes/proteins that modulate yeast RLS, similar approaches are equally 
applicable to other organismal systems for which large-scale interaction data sets are 
available, including worms, flies, and mice. As more sophisticated data sets become 
widely available, the predictive ability a network-based approach is likely to improve 
substantially, and may prove particularly useful for identifying candidate longevity loci 
in humans, where life span analysis is not a feasible approach.    
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                                                     APPENDIX A 
 
  
Table of interaction types and relations that comprise the replicative core network.   
The core network was constructed using direct interaction function of PS5.  The 
Relation symbols are as follows:   
 
---- (Non-directed relation, e.g. binding) 
---+> (Positive regulation) 
----| (Negative regulation) 
----> (Regulation) 
 
 
Type Relation 
Binding HOS2 ---- ZDS1 
Binding FOB1 ---- SIR2 
Binding CDC25 ---- RAS1 
Binding SIR2 ---- ZDS1 
Binding SIR4 ---- ZDS1 
Binding TOR1 ---- URE2 
Binding CDC25 ---- CYR1 
Binding IDH2 ---- SNF4 
Binding GLK1 ---- PNC1 
Binding IDH2 ---- URE2 
Binding IDH2 ---- YOR135C 
Binding RAS2 ---- RTG3 
DirectRegulation CDC25 --+> RAS2 
DirectRegulation RAS2 --+> CYR1 
DirectRegulation SIR4 --+> SIR2 
DirectRegulation GPR1 --+> GPA2 
DirectRegulation RAS1 ---> RAS2 
DirectRegulation RAS2 --+> GPA2 
DirectRegulation NPT1 --+> PNC1 
Expression SIR2 --+> PNC1 
GeneticInteraction RAS1 ---- RAS2 
GeneticInteraction CDC25 ---- RAS1 
GeneticInteraction CYR1 ---- RAS2 
GeneticInteraction GPA2 ---- RAS2 
GeneticInteraction CDC25 ---- RAS2 
GeneticInteraction CDC25 ---- SCH9 
GeneticInteraction CYR1 ---- SCH9 
GeneticInteraction GPR1 ---- TPK2 
GeneticInteraction RAS2 ---- TPK2 
GeneticInteraction MPT5 ---- SSD1 
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GeneticInteraction GPA2 ---- SCH9 
GeneticInteraction CYR1 ---- GPA2 
GeneticInteraction GPA2 ---- GPR1 
GeneticInteraction HOS2 ---- SIR2 
GeneticInteraction GPA2 ---- TPK2 
GeneticInteraction CDC6 ---- SIR2 
GeneticInteraction CDC6 ---- SIR4 
GeneticInteraction SSD1 ---- TOR1 
GeneticInteraction NPT1 ---- SIR2 
GeneticInteraction GPA2 ---- RAS1 
GeneticInteraction RAS1 ---- TPK2 
GeneticInteraction FOB1 ---- GLK1 
GeneticInteraction FOB1 ---- GPA2 
GeneticInteraction FOB1 ---- SIR2 
GeneticInteraction GLK1 ---- SIR2 
GeneticInteraction GPA2 ---- SIR2 
GeneticInteraction RAS2 ---- ROM2 
GeneticInteraction ROM2 ---- TPK2 
GeneticInteraction HOS2 ---- NPT1 
MolTransport MPT5 ---> SIR4 
ProtModification SIR2 ---> SIR4 
Regulation GPA2 --+> SCH9 
Regulation NPT1 ---> SIR2 
Regulation PNC1 --+> SIR2 
Regulation HOS2 ---> SIR2 
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                                                  APPENDIX B 
 
 
           Table of entities that comprise the replicative core composite network   
 
 
Type Name 
Protein CDC6 
Protein MPT5 
Protein SIR4 
Protein TOR1 
Protein SSD1 
Protein HOS2 
Protein URE2 
Protein SIR2 
Protein SNF4 
Protein HAP4 
Protein RTG3 
Protein ZDS1 
Protein UTH1 
Protein GLK1 
Protein GPR1 
Protein RAS2 
Protein RAS1 
Protein TPK2 
Protein SCP1 
Protein GPA2 
Protein FOB1 
Protein PNC1 
Protein SCH9 
Protein CDC25 
Protein ROM2 
Protein LAG1 
Protein CYR1 
Protein IDH2 
Protein NPT1 
Protein CSR2 
Protein REI1 
Protein YBR238C 
Protein NNT1 
Protein YBR255W
Protein RPL31B 
Protein RPL6B 
Protein BRE5 
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Protein LAG2 
Protein YOR135C 
Protein YBR266C 
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                                                    APPENDIX C 
 
 
Table of interaction types and relations that comprise the replicative composite 
network. The composite network was constructed using shortest-path function of PS5.  
The binding interactions served as basis for construction of the binding sub-network 
which was the focus of this study.  The Relation symbols are as follows:   
 
---- (Non-directed relation, e.g. binding) 
---+> (Positive regulation) 
----| (Negative regulation) 
----> (Regulation) 
 
 
 
Interaction Type Relation 
 
Binding ARP3 ---- NOG2 
Binding ACT1 ---- CYR1 
Binding NMD3 ---- REI1 
Binding GFA1 ---- RAD51 
Binding KAP123 ---- RAD51 
Binding RAD51 ---- YHB1 
Binding ACT1 ---- RNA14 
Binding HOS2 ---- TOP1 
Binding GFA1 ---- RPN10 
Binding SLA1 ---- YSC84 
Binding BMH1 ---- SNF4 
Binding GAL83 ---- SNF4 
Binding BOI1 ---- YBR238C 
Binding GFA1 ---- YBR238C 
Binding ARX1 ---- REI1 
Binding HOS2 ---- ZDS1 
Binding CSR2 ---- WHI2 
Binding ARP2 ---- SPS1 
Binding ABP1 ---- SCP1 
Binding SIP2 ---- SNF4 
Binding IDH2 ---- SIP2 
Binding ARP2 ---- GFA1 
Binding BMH2 ---- CSR2 
Binding BMH1 ---- CSR2 
Binding NNT1 ---- TMA19 
Binding CYT2 ---- NNT1 
Binding FOB1 ---- IOC2 
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Binding EFT2 ---- RET2 
Binding MOB1 ---- YBR255W 
Binding JSN1 ---- RPL31B 
Binding JSN1 ---- SMT3 
Binding JSN1 ---- NPT1 
Binding PHD1 ---- SMT3 
Binding RPL6B ---- SKG6 
Binding NUP116 ---- SMT3 
Binding LAG1 ---- NUP116 
Binding GPA2 ---- NAF1 
Binding BRE5 ---- UBP3 
Binding CSR2 ---- PDC6 
Binding FHL1 ---- SMT3 
Binding AVT4 ---- LAG1 
Binding LAG1 ---- SWP1 
Binding LAG1 ---- SPC1 
Binding CHS7 ---- LAG1 
Binding GPI8 ---- LAG1 
Binding AGP1 ---- LAG1 
Binding CSG2 ---- LAG1 
Binding BRE5 ---- SPT5 
Binding SPT5 ---- TOM1 
Binding ACT1 ---- SWR1 
Binding ACT1 ---- TAF14 
Binding ACT1 ---- SWC5 
Binding ACT1 ---- VPS71 
Binding SIR4 ---- UBP3 
Binding CDC25 ---- HSP82 
Binding CDC28 ---- MPT5 
Binding FOB1 ---- SIR2 
Binding SSN3 ---- TUP1 
Binding RAP1 ---- SIR4 
Binding HAP4 ---- SNF5 
Binding HAP4 ---- SWI1 
Binding ARP7 ---- HAP4 
Binding HAP4 ---- TAF14 
Binding CDC25 ---- RAS1 
Binding CDC6 ---- ORC2 
Binding ACT1 ---- RVS167 
Binding SIR2 ---- ZDS1 
Binding SIR4 ---- ZDS1 
Binding ABP1 ---- CLA4 
Binding RVS167 ---- YSC84 
Binding SKG6 ---- ZDS1 
Binding HAP4 ---- TRA1 
Binding TOR1 ---- URE2 
Binding ACT1 ---- HTZ1 
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Binding ACT1 ---- YAF9 
Binding SMT3 ---- TUP1 
Binding ACT1 ---- SMT3 
Binding SMT3 ---- TAF14 
Binding RPC82 ---- SMT3 
Binding HSP82 ---- SMT3 
Binding SCS2 ---- SMT3 
Binding SEC27 ---- SMT3 
Binding BNR1 ---- CDC25 
Binding SMT3 ---- TOP1 
Binding SMT3 ---- SNF2 
Binding ELG1 ---- SMT3 
Binding SMT3 ---- STM1 
Binding RAP1 ---- SMT3 
Binding SMT3 ---- TRA1 
Binding SMT3 ---- SNF1 
Binding RTN1 ---- SMT3 
Binding ORM2 ---- SMT3 
Binding PMA1 ---- SMT3 
Binding CYR1 ---- SMT3 
Binding SMT3 ---- YAR010C 
Binding SMT3 ---- YBR238C 
Binding CDC25 ---- CYR1 
Binding HSP82 ---- RTG3 
Binding HSP82 ---- TOM1 
Binding NSE3 ---- REI1 
Binding NAF1 ---- RPL6B 
Binding ACT1 ---- HSP82 
Binding HSP82 ---- SIR2 
Binding HSP82 ---- RAS1 
Binding CLB2 ---- SIR4 
Binding CLB2 ---- CSR2 
Binding CDC28 ---- SIR4 
Binding CDC28 ---- CSR2 
Binding BRE5 ---- GCN2 
Binding RVS167 ---- SPS1 
Binding EFT2 ---- HCA4 
Binding CYR1 ---- YKE2 
Binding SIR4 ---- VPS71 
Binding GFA1 ---- URE2 
Binding BRE5 ---- YAR010C 
Binding BRE5 ---- RIM1 
Binding BRE5 ---- YRA1 
Binding BRE5 ---- HYP2 
Binding BRE5 ---- STM1 
Binding BRE5 ---- NIP1 
Binding BRE5 ---- NOP2 
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Binding LAG2 ---- TOM1 
Binding BRE5 ---- SGV1 
Binding GFA1 ---- YHB1 
Binding BRE5 ---- IDP3 
Binding MIS1 ---- RPL6B 
Binding IDH2 ---- KAP123 
Binding REF2 ---- RPL6B 
Binding HCA4 ---- RPL6B 
Binding NOP4 ---- RPL6B 
Binding CIC1 ---- RPL31B 
Binding NOP15 ---- RPL31B 
Binding ARX1 ---- RPL31B 
Binding NOG2 ---- RPL31B 
Binding RPL31B ---- TIF4631 
Binding RPL6B ---- SDA1 
Binding APL2 ---- RPL6B 
Binding IDH2 ---- RVS167 
Binding MAK21 ---- RPL31B 
Binding LOC1 ---- RPL31B 
Binding RPL31B ---- SEC31 
Binding REI1 ---- RPL20A 
Binding RPL6B ---- SLA1 
Binding MAS1 ---- RPL6B 
Binding MAK21 ---- RPL6B 
Binding FAS1 ---- RAD51 
Binding CFT1 ---- RPL6B 
Binding RNA14 ---- RPL6B 
Binding DBP8 ---- IDH2 
Binding ACT1 ---- SMI1 
Binding GFA1 ---- IDH2 
Binding GFA1 ---- SEC27 
Binding RPL31B ---- TIF6 
Binding GFA1 ---- KAP123 
Binding EFT2 ---- KAP123 
Binding RPL20B ---- RPL31B 
Binding RPL20A ---- RPL31B 
Binding GIM5 ---- RPL31B 
Binding MAS1 ---- TMA19 
Binding IDH2 ---- SNF4 
Binding ADR1 ---- GFA1 
Binding CYS4 ---- GFA1 
Binding IDH2 ---- YHB1 
Binding IDH2 ---- SNF1 
Binding ACT1 ---- TRA1 
Binding GCN2 ---- NPT1 
Binding CYS4 ---- TMA19 
Binding HXT7 ---- TIF6 
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Binding CYS4 ---- HXT7 
Binding HXT7 ---- HYP2 
Binding FKS1 ---- GFA1 
Binding CSR2 ---- NTH1 
Binding GLK1 ---- NTH1 
Binding CIC1 ---- HXT7 
Binding HXT7 ---- NOP2 
Binding PNC1 ---- YPC1 
Binding ARP2 ---- SSD1 
Binding FAS1 ---- REI1 
Binding KAP123 ---- REI1 
Binding CYS4 ---- REI1 
Binding MIS1 ---- REI1 
Binding ARP2 ---- IDH2 
Binding ARP2 ---- SAC6 
Binding CYR1 ---- MOB1 
Binding IDH2 ---- MOB1 
Binding RVS167 ---- SAC6 
Binding ACT1 ---- CFT1 
Binding ARX1 ---- EFT2 
Binding AVT4 ---- CDC25 
Binding CDC25 ---- NAP1 
Binding CDC25 ---- HYP2 
Binding CDC25 ---- SFB3 
Binding ACT1 ---- ARX1 
Binding RAD51 ---- SLA1 
Binding SEC28 ---- SSD1 
Binding CYR1 ---- MAS1 
Binding CYR1 ---- REG1 
Binding CYR1 ---- SNF2 
Binding CYR1 ---- NOP2 
Binding CYR1 ---- SEC27 
Binding CYR1 ---- CYS4 
Binding CYR1 ---- TMA19 
Binding GFA1 ---- NIP1 
Binding BOI1 ---- BOI2 
Binding ARP3 ---- NIP1 
Binding ACT1 ---- NIP1 
Binding STM1 ---- YSC84 
Binding KAP123 ---- ROM2 
Binding ROM2 ---- TIF4631 
Binding SCP1 ---- YSC84 
Binding ARP3 ---- SCP1 
Binding SCP1 ---- SPS1 
Binding HXT7 ---- SCP1 
Binding SCP1 ---- TUP1 
Binding SCS2 ---- TUP1 
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Binding RET2 ---- TUP1 
Binding EFT2 ---- TUP1 
Binding EFT2 ---- HOS2 
Binding EFT2 ---- FAS1 
Binding EFT2 ---- YBR238C 
Binding EFT2 ---- YHB1 
Binding EFT2 ---- SEC27 
Binding EFT2 ---- RPN10 
Binding EFT2 ---- ROM2 
Binding GLK1 ---- PNC1 
Binding ACT1 ---- EFT2 
Binding EFT2 ---- ZDS1 
Binding HYP2 ---- SAC6 
Binding SAC6 ---- SWE1 
Binding PRP3 ---- SAC6 
Binding DBP8 ---- REI1 
Binding MAS1 ---- SSD1 
Binding CDC25 ---- MAS1 
Binding HXT7 ---- MAS1 
Binding CSR2 ---- SOK1 
Binding PMA1 ---- SNF4 
Binding ADR1 ---- ARP3 
Binding SEC27 ---- URE2 
Binding ABP1 ---- MAS1 
Binding ABP1 ---- RET2 
Binding ABP1 ---- CDC25 
Binding ABP1 ---- GAS1 
Binding ABP1 ---- TMA19 
Binding IDH2 ---- SEC27 
Binding ABP1 ---- LOC1 
Binding ABP1 ---- HYP2 
Binding ABP1 ---- SFB3 
Binding ABP1 ---- CYS4 
Binding BMH2 ---- GFA1 
Binding GFA1 ---- RPC82 
Binding GFA1 ---- PMA1 
Binding FAS1 ---- GFA1 
Binding GFA1 ---- NAP1 
Binding ARP3 ---- GFA1 
Binding BMH1 ---- GFA1 
Binding CYS4 ---- TPK2 
Binding ARP7 ---- GFA1 
Binding CDC6 ---- RPN10 
Binding ADR1 ---- IDH2 
Binding IDH2 ---- URE2 
Binding IDH2 ---- RPC82 
Binding HYP2 ---- IDH2 
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Binding IDH2 ---- RPN10 
Binding RVS167 ---- URE2 
Binding GFA1 ---- RVS167 
Binding HXT7 ---- RVS167 
Binding ARP3 ---- RVS167 
Binding SSD1 ---- YHB1 
Binding CDC25 ---- GIN4 
Binding ACT1 ---- RVS161 
Binding ACT1 ---- KAP123 
Binding ACT1 ---- GAL83 
Binding SSD1 ---- TIF4631 
Binding CDC25 ---- TMA19 
Binding LOC1 ---- TMA19 
Binding SEC27 ---- TMA19 
Binding HYP2 ---- TMA19 
Binding HXT7 ---- TMA19 
Binding TIF4631 ---- TMA19 
Binding SFB3 ---- TMA19 
Binding SSD1 ---- TMA19 
Binding HYP2 ---- TPK2 
Binding IDH2 ---- YOR135C 
Binding HXT7 ---- PDC6 
Binding CYS4 ---- SSD1 
Binding CDC25 ---- CYS4 
Binding GFA1 ---- YRA1 
Binding EFT2 ---- YRA1 
Binding ARP3 ---- NOP4 
Binding CYR1 ---- NOP4 
Binding CDC25 ---- LOC1 
Binding HXT7 ---- LOC1 
Binding ADR1 ---- URE2 
Binding ADR1 ---- CSR2 
Binding CSR2 ---- HYP2 
Binding BOI2 ---- CSR2 
Binding CSR2 ---- REG1 
Binding CDC25 ---- GAS1 
Binding GAS1 ---- TMA19 
Binding BNR1 ---- CSR2 
Binding GAS1 ---- HXT7 
Binding CDC28 ---- URE2 
Binding RPC82 ---- URE2 
Binding YRA1 ---- ZDS1 
Binding ADA2 ---- EFT2 
Binding CDC25 ---- HXT7 
Binding HXT7 ---- SFB3 
Binding HXT7 ---- SCS2 
Binding HXT7 ---- SLA1 
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Binding HXT7 ---- NOP15 
Binding HXT7 ---- NMD3 
Binding NMD3 ---- SSD1 
Binding GAL83 ---- IDH2 
Binding MIS1 ---- ROM2 
Binding EFT2 ---- FKS1 
Binding FKS1 ---- IDH2 
Binding IOC2 ---- RPL31B 
Binding RAS2 ---- RTG3 
Binding FOB1 ---- RAD53 
Binding SIP4 ---- UME6 
Binding HOS2 ---- RIM1 
Binding RAD51 ---- SMT3 
Binding RAP1 ---- SIR2 
Binding SIP2 ---- SIP4 
Binding ACT1 ---- YRA1 
Binding ACT1 ---- SLA1 
Binding RIM1 ---- TUP1 
Binding TOM1 ---- ubiquitin 
Binding ADA2 ---- HAP4 
Binding BRE5 ---- ubiquitin 
Binding ACT1 ---- FHL1 
Binding RTG3 ---- TUP1 
Binding CYC1 ---- CYT2 
Binding SOK1 ---- SPS1 
Binding RAD51 ---- SCP1 
Binding CYC1 ---- HAP4 
Binding ABP1 ---- BNR1 
Binding transcription activating factor ---- TUP1 
Binding HAP4 ---- transcription activating factor 
Binding ACT1 ---- BNR1 
Binding MAS1 ---- RAD51 
Binding ELP4 ---- HAP4 
Binding GCN4 ---- HAP4 
Binding HAP4 ---- SWI5 
Binding transcription activating factor ---- URE2 
Binding RIM1 ---- URE2 
Binding HAP4 ---- SNF2 
Binding EFT2 ---- HYP2 
Direct Regulation CDC25 --+> RAS2 
Direct Regulation RAS2 --+> CYR1 
Direct Regulation HOS2 --+> TUP1 
Direct Regulation SIP4 ---> GAL83 
Direct Regulation HOS2 ---> UME6 
Direct Regulation ABP1 ---> SLA1 
Direct Regulation ARP2 ---> ACT1 
Direct Regulation ABP1 --+> ARP2 
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Direct Regulation SNF1 --+> SIP4 
Direct Regulation STM1 ---| GPA2 
Direct Regulation SIR4 --+> SIR2 
Direct Regulation ubiquitin --+> SMT3 
Direct Regulation GPR1 --+> GPA2 
Direct Regulation ARP3 --+> ARP2 
Direct Regulation SNF4 ---> SNF1 
Direct Regulation SHR5 ---| RAS2 
Direct Regulation ABP1 ---> RVS167 
Direct Regulation SLA1 --+> ARP3 
Direct Regulation SWI5 --+> CDC6 
Direct Regulation SSN3 --+> SIP4 
Direct Regulation RAS1 ---> RAS2 
Direct Regulation REG1 ---> SNF4 
Direct Regulation RAS2 --+> GPA2 
Direct Regulation GLK1 --+> SNF1 
Direct Regulation SCP1 ---| ACT1 
Direct Regulation CDC28 ---| CDC6 
Direct Regulation NPT1 --+> PNC1 
Direct Regulation TUP1 ---> MATALPHA2 
Direct Regulation CLB2 --+> CDC6 
Expression glucose ---| SIP4 
Expression glucose ---| HAP4 
Expression glucose ---| HXT7 
Expression CDC6 ---> GAL3 
Expression ZDS1 ---| SWE1 
Expression superoxide ---| UTH1 
Expression glucose ---| GPR1 
Expression TPK2 ---> NTH1 
Expression SIR2 --+> PNC1 
Genetic Interaction ACT1 ---- RNA14 
Genetic Interaction ACT1 ---- SWP1 
Genetic Interaction HOS2 ---- SET2 
Genetic Interaction CLA4 ---- URE2 
Genetic Interaction BRE5 ---- SET2 
Genetic Interaction ARP2 ---- SAC6 
Genetic Interaction ARP2 ---- UTH1 
Genetic Interaction BIM1 ---- BRE5 
Genetic Interaction RIC1 ---- SNF4 
Genetic Interaction BRE5 ---- RIC1 
Genetic Interaction SNF4 ---- YPT6 
Genetic Interaction BRE5 ---- YPT6 
Genetic Interaction CTF4 ---- RAD51 
Genetic Interaction BRE5 ---- CTF4 
Genetic Interaction YBR255W ---- YKE2 
Genetic Interaction SSD1 ---- YKE2 
Genetic Interaction HOS2 ---- YKE2 
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Genetic Interaction GLK1 ---- YKE2 
Genetic Interaction PAC10 ---- YBR255W 
Genetic Interaction PAC10 ---- SSD1 
Genetic Interaction HOS2 ---- PAC10 
Genetic Interaction GLK1 ---- PAC10 
Genetic Interaction GIM5 ---- YBR255W 
Genetic Interaction GIM5 ---- SSD1 
Genetic Interaction GIM5 ---- HOS2 
Genetic Interaction GIM5 ---- GLK1 
Genetic Interaction BRE5 ---- CSM3 
Genetic Interaction POL32 ---- RAD51 
Genetic Interaction BRE5 ---- TOP1 
Genetic Interaction RAS1 ---- RAS2 
Genetic Interaction CHS3 ---- SAC6 
Genetic Interaction BRE5 ---- CHS3 
Genetic Interaction CHS7 ---- SAC6 
Genetic Interaction FKS1 ---- ROM2 
Genetic Interaction BRE5 ---- FKS1 
Genetic Interaction CSR2 ---- FKS1 
Genetic Interaction GAS1 ---- SSD1 
Genetic Interaction GAS1 ---- ROM2 
Genetic Interaction HOC1 ---- SAC6 
Genetic Interaction BRE5 ---- HOC1 
Genetic Interaction SAC6 ---- SKT5 
Genetic Interaction BRE5 ---- SKT5 
Genetic Interaction ROM2 ---- SMI1 
Genetic Interaction BRE5 ---- SMI1 
Genetic Interaction RVS161 ---- YBR255W 
Genetic Interaction RVS167 ---- YBR255W 
Genetic Interaction ARR4 ---- BRE5 
Genetic Interaction ARR4 ---- YBR255W 
Genetic Interaction BRE5 ---- SEC28 
Genetic Interaction BRE5 ---- RMD7 
Genetic Interaction BRE5 ---- SPF1 
Genetic Interaction BRE5 ---- MDM39 
Genetic Interaction BRE5 ---- RGP1 
Genetic Interaction BRE5 ---- SCS7 
Genetic Interaction BRE5 ---- RET2 
Genetic Interaction BRE5 ---- SEC27 
Genetic Interaction BRE5 ---- STE24 
Genetic Interaction BRE5 ---- ERV14 
Genetic Interaction BRE5 ---- PSD2 
Genetic Interaction DRS2 ---- YBR255W 
Genetic Interaction GAS1 ---- LAG1 
Genetic Interaction LAG1 ---- PMA1 
Genetic Interaction LAG1 ---- MDM39 
Genetic Interaction LAG1 ---- ORM2 
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Genetic Interaction LAG1 ---- SEC28 
Genetic Interaction LAG1 ---- SCS7 
Genetic Interaction LAG1 ---- RGP1 
Genetic Interaction LAG1 ---- RIC1 
Genetic Interaction RTN1 ---- YBR255W 
Genetic Interaction SCS2 ---- YBR255W 
Genetic Interaction SHR5 ---- YBR255W 
Genetic Interaction SSO1 ---- YBR255W 
Genetic Interaction SUR2 ---- YBR255W 
Genetic Interaction SUR4 ---- YBR255W 
Genetic Interaction TPO1 ---- YBR255W 
Genetic Interaction CAT8 ---- SNF4 
Genetic Interaction CDC25 ---- RAS1 
Genetic Interaction CDC6 ---- CLB2 
Genetic Interaction CDC6 ---- SWI5 
Genetic Interaction CYR1 ---- RAS2 
Genetic Interaction GPA2 ---- RAS2 
Genetic Interaction HAP4 ---- MBR1 
Genetic Interaction ATP1 ---- RAS2 
Genetic Interaction CDC25 ---- RAS2 
Genetic Interaction MBR1 ---- SCH9 
Genetic Interaction CDC25 ---- SCH9 
Genetic Interaction CYR1 ---- SCH9 
Genetic Interaction SAC6 ---- SCP1 
Genetic Interaction SCS2 ---- SIR2 
Genetic Interaction CAT8 ---- SIP4 
Genetic Interaction HOS2 ---- SKT5 
Genetic Interaction SMT3 ---- TOM1 
Genetic Interaction SNF1 ---- SNF4 
Genetic Interaction SSD1 ---- YPT6 
Genetic Interaction GPR1 ---- TPK2 
Genetic Interaction RAS2 ---- TPK2 
Genetic Interaction MPT5 ---- STM1 
Genetic Interaction STM1 ---- TOM1 
Genetic Interaction FKS1 ---- ZDS1 
Genetic Interaction CDC28 ---- ZDS1 
Genetic Interaction BOI1 ---- BOI2 
Genetic Interaction CHS3 ---- GFA1 
Genetic Interaction PUT3 ---- URE2 
Genetic Interaction ASF1 ---- RAD51 
Genetic Interaction MPT5 ---- SSD1 
Genetic Interaction GPA2 ---- SCH9 
Genetic Interaction ELG1 ---- RAD51 
Genetic Interaction ACT1 ---- RVS167 
Genetic Interaction ABP1 ---- SLA1 
Genetic Interaction CYR1 ---- TOM1 
Genetic Interaction CYR1 ---- GPA2 
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Genetic Interaction GPA2 ---- GPR1 
Genetic Interaction RAS1 ---- REG1 
Genetic Interaction RAS2 ---- REG1 
Genetic Interaction HOS2 ---- RAD6 
Genetic Interaction HOS2 ---- SWI1 
Genetic Interaction BMH1 ---- RTG3 
Genetic Interaction BMH2 ---- RTG3 
Genetic Interaction SCH9 ---- TOM1 
Genetic Interaction HOS2 ---- RAP1 
Genetic Interaction RAS2 ---- SHR5 
Genetic Interaction HOS2 ---- SIR2 
Genetic Interaction ACT1 ---- SUR2 
Genetic Interaction ACT1 ---- SUR4 
Genetic Interaction SWI1 ---- TUP1 
Genetic Interaction GPA2 ---- TPK2 
Genetic Interaction SNF1 ---- TUP1 
Genetic Interaction CLB2 ---- RAS2 
Genetic Interaction CSR2 ---- GAL3 
Genetic Interaction CDC6 ---- SIR2 
Genetic Interaction CDC6 ---- SIR4 
Genetic Interaction SOK1 ---- TPK2 
Genetic Interaction WHI2 ---- ZDS1 
Genetic Interaction SWE1 ---- ZDS1 
Genetic Interaction NAP1 ---- REI1 
Genetic Interaction CLA4 ---- REI1 
Genetic Interaction GIN4 ---- REI1 
Genetic Interaction GCN4 ---- URE2 
Genetic Interaction ACT1 ---- RVS161 
Genetic Interaction SSD1 ---- TOR1 
Genetic Interaction REG1 ---- SNF4 
Genetic Interaction BMH1 ---- CDC6 
Genetic Interaction NPT1 ---- SIR2 
Genetic Interaction GPA2 ---- RAS1 
Genetic Interaction RAS1 ---- TPK2 
Genetic Interaction BRE5 ---- SFB3 
Genetic Interaction BMH1 ---- CDC25 
Genetic Interaction BMH2 ---- CDC25 
Genetic Interaction LAG1 ---- YPC1 
Genetic Interaction BNA2 ---- NPT1 
Genetic Interaction CDC6 ---- ORC2 
Genetic Interaction RAS2 ---- SSN3 
Genetic Interaction FOB1 ---- GLK1 
Genetic Interaction FOB1 ---- GPA2 
Genetic Interaction FOB1 ---- SIR2 
Genetic Interaction GLK1 ---- SIR2 
Genetic Interaction GPA2 ---- SIR2 
Genetic Interaction CDC6 ---- RAD53 
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Genetic Interaction FHL1 ---- SCH9 
Genetic Interaction RAS2 ---- ROM2 
Genetic Interaction ROM2 ---- TPK2 
Genetic Interaction ABP1 ---- RVS161 
Genetic Interaction IDH2 ---- IDP3 
Genetic Interaction CYR1 ---- REG1 
Genetic Interaction SAC6 ---- SWE1 
Genetic Interaction CSG2 ---- HOS2 
Genetic Interaction ASF1 ---- SIR2 
Genetic Interaction SPF1 ---- TUP1 
Genetic Interaction HYP2 ---- ZDS1 
Genetic Interaction HYP2 ---- ROM2 
Genetic Interaction HYP2 ---- SSD1 
Genetic Interaction RAD18 ---- RAD51 
Genetic Interaction ABP1 ---- ARP2 
Genetic Interaction ARP2 ---- ARP3 
Genetic Interaction ARP6 ---- BRE5 
Genetic Interaction BRE5 ---- HTZ1 
Genetic Interaction BRE5 ---- SWR1 
Genetic Interaction BRE5 ---- YAF9 
Genetic Interaction BRE5 ---- SWC5 
Genetic Interaction BRE5 ---- VPS72 
Genetic Interaction BRE5 ---- VPS71 
Genetic Interaction BRE5 ---- ELG1 
Genetic Interaction ARP6 ---- HOS2 
Genetic Interaction HOS2 ---- HTZ1 
Genetic Interaction HOS2 ---- SWR1 
Genetic Interaction HOS2 ---- YAF9 
Genetic Interaction HOS2 ---- SWC5 
Genetic Interaction HOS2 ---- VPS72 
Genetic Interaction HOS2 ---- VPS71 
Genetic Interaction BRE5 ---- ORC2 
Genetic Interaction CDC6 ---- CTF4 
Genetic Interaction ELP4 ---- HOS2 
Genetic Interaction BIM1 ---- RAD51 
Genetic Interaction BIM1 ---- HOS2 
Genetic Interaction HSP82 ---- RTG3 
Genetic Interaction HSP82 ---- SNF4 
Genetic Interaction HSP82 ---- UTH1 
Genetic Interaction HSP82 ---- ROM2 
Genetic Interaction HSP82 ---- RAS2 
Genetic Interaction BRE5 ---- HSP82 
Genetic Interaction CSR2 ---- HSP82 
Genetic Interaction CDC6 ---- CSM3 
Genetic Interaction CDC6 ---- RPL20B 
Genetic Interaction CDC6 ---- CLA4 
Genetic Interaction ASF1 ---- BRE5 
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Genetic Interaction ASF1 ---- NPT1 
Genetic Interaction ASF1 ---- HOS2 
Genetic Interaction CSM3 ---- NPT1 
Genetic Interaction CSM3 ---- RAD51 
Genetic Interaction CTF4 ---- NPT1 
Genetic Interaction BRE5 ---- CCS1 
Genetic Interaction CCS1 ---- NPT1 
Genetic Interaction CCS1 ---- RAD51 
Genetic Interaction MDM39 ---- RAD51 
Genetic Interaction HOS2 ---- MDM39 
Genetic Interaction MDM39 ---- SAC6 
Genetic Interaction CLA4 ---- NPT1 
Genetic Interaction CLB2 ---- NPT1 
Genetic Interaction ELG1 ---- NPT1 
Genetic Interaction MRPL37 ---- NPT1 
Genetic Interaction NPT1 ---- POL32 
Genetic Interaction NPT1 ---- RAD18 
Genetic Interaction NPT1 ---- RAD51 
Genetic Interaction NPT1 ---- REF2 
Genetic Interaction NPT1 ---- RGP1 
Genetic Interaction NPT1 ---- RIC1 
Genetic Interaction HOS2 ---- NPT1 
Genetic Interaction NPT1 ---- SET2 
Genetic Interaction NPT1 ---- SMI1 
Genetic Interaction BRE5 ---- POL32 
Genetic Interaction BRE5 ---- RAD18 
Genetic Interaction CLA4 ---- RAD51 
Genetic Interaction RAD51 ---- RAD6 
Genetic Interaction RAD51 ---- RMD7 
Genetic Interaction RAD51 ---- RPN10 
Genetic Interaction BRE5 ---- RAD53 
Genetic Interaction BRE5 ---- RAD6 
Genetic Interaction NPT1 ---- RAD6 
Genetic Interaction RAD6 ---- RAS2 
Genetic Interaction RAD6 ---- SAC6 
Genetic Interaction NPT1 ---- RMD7 
Genetic Interaction HOS2 ---- RMD7 
Genetic Interaction RMD7 ---- SAC6 
Genetic Interaction BRE5 ---- RPN10 
Genetic Interaction HOS2 ---- RPN10 
Genetic Interaction RPN10 ---- UTH1 
Genetic Interaction BRE5 ---- SWC3 
Genetic Interaction HOS2 ---- SWC3 
Genetic Interaction BOI1 ---- BOI2 
Genetic Interaction CSG2 ---- HOS2 
Genetic Interaction ELG1 ---- RAD51 
Genetic Interaction POL32 ---- RAD51 
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Genetic Interaction BRE5 ---- RIC1 
Genetic Interaction CTF4 ---- RAD51 
Molecular Synthesis ACT1 ---> superoxide 
Molecular Synthesis GLK1 ---| glucose 
Molecular Synthesis CDC28 ---| CDC6 
Molecular Synthesis TUP1 ---| glucose 
Molecular Synthesis CSR2 ---> nitrogen 
Molecular Synthesis URE2 ---> nitrogen 
Molecular Transport UME6 ---> HOS2 
Molecular Transport MPT5 ---> SIR4 
Molecular Transport CDC28 ---> CDC6 
Molecular Transport SNF4 ---> SNF1 
Molecular Transport CLB2 ---> ACT1 
Molecular Transport RIM1 ---> TUP1 
Molecular Transport MATALPHA2 ---> TUP1 
Promoter Binding ATP1 ---- HAP4 
Promoter Binding SIP4 ---- YBR266C 
Promoter Binding MRPL37 ---- SIP4 
Promoter Binding HAP4 ---- MATALPHA2 
Promoter Binding HAP4 ---- MATALPHA1 
Promoter Binding GPR1 ---- SWI5 
Promoter Binding FHL1 ---- RPL31B 
Promoter Binding RAP1 ---- RPL31B 
Promoter Binding EFT2 ---- FHL1 
Promoter Binding HAP4 ---- PRP3 
Promoter Binding GCN4 ---- SMT3 
Promoter Binding ERG26 ---- HAP4 
Promoter Binding ERG26 ---- RTG3 
Promoter Binding RAP1 ---- SIP4 
Promoter Binding BNA2 ---- HAP4 
Promoter Binding HAP4 ---- PUT3 
Promoter Binding HAP4 ---- PHD1 
Promoter Binding ACE2 ---- UTH1 
Promoter Binding FHL1 ---- RPL6B 
Promoter Binding RAP1 ---- RPL6B 
Promoter Binding CSR2 ---- RAP1 
Promoter Binding HAP4 ---- RPC82 
Protein Modification REG1 ---> GLK1 
Protein Modification SIR2 ---> SIR4 
Regulation glucose --+> GLK1 
Regulation BMH2 ---> grow 
Regulation CLA4 ---> budding 
Regulation TUP1 ---> proliferation 
Regulation ACT1 ---> endocytosis 
Regulation BNR1 ---> cytoskeleton 
Regulation GPA2 ---> cell survival 
Regulation SIR2 --+> cell survival 
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Regulation FOB1 ---> senescence 
Regulation MOB1 ---> cytoskeleton 
Regulation RAS2 ---> cell survival 
Regulation URE2 ---> proliferation 
Regulation GPR1 ---> invasive growth 
Regulation SEC31 ---> budding 
Regulation REG1 ---> grow 
Regulation CDC28 ---> budding 
Regulation GLK1 ---| apoptosis 
Regulation SPS1 ---> apoptosis 
Regulation REG1 ---> GFA1 
Regulation BNR1 ---> budding 
Regulation GCN4 ---> budding 
Regulation CDC6 ---> senescence 
Regulation RAD51 ---> apoptosis 
Regulation RVS161 ---> cytoskeleton 
Regulation GCN4 ---> grow 
Regulation CLB2 ---> grow 
Regulation RAD51 ---> proliferation 
Regulation LAG1 ---> senescence 
Regulation URE2 ---> autophagy 
Regulation SMT3 ---> apoptosis 
Regulation NUP116 ---> grow 
Regulation ACT1 ---> cell survival 
Regulation EFT2 ---> synthesis 
Regulation GPA2 ---> invasive growth 
Regulation RIM1 ---> grow 
Regulation SIR2 ---> synthesis 
Regulation SPF1 ---> grow 
Regulation RIM1 ---| CDC6 
Regulation SNF1 ---> grow 
Regulation CDC6 ---> grow 
Regulation CLB2 ---> budding 
Regulation CYR1 ---> grow 
Regulation ARP3 ---> endocytosis 
Regulation RAS1 ---> proliferation 
Regulation ACT1 ---> synthesis 
Regulation RAS2 ---> budding 
Regulation ARP3 ---> cell survival 
Regulation ACT1 ---> apoptosis 
Regulation SIR2 ---| chromosomal DNA replication 
Regulation RAS2 ---> proliferation 
Regulation SPT5 ---> grow 
Regulation NAP1 ---> grow 
Regulation RAS2 ---> grow 
Regulation HSP82 ---> cytoskeleton 
Regulation ZDS1 ---> grow 
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Regulation RAS1 ---> grow 
Regulation GPA2 ---| MCD4 
Regulation TUP1 ---> fermentation 
Regulation SIP4 --+> MCD4 
Regulation RVS167 ---> cytoskeleton 
Regulation TOR1 ---> budding 
Regulation MPT5 ---| senescence 
Regulation SMT3 ---> budding 
Regulation NMD3 ---> grow 
Regulation BNR1 ---> grow 
Regulation YPT6 ---> budding 
Regulation HOS2 ---> senescence 
Regulation FKS1 ---> budding 
Regulation RAD51 ---> growth rate 
Regulation CDC6 --+> chromosomal DNA replication 
Regulation MCD4 ---> grow 
Regulation GIN4 ---> grow 
Regulation SIR2 --+> senescence 
Regulation SIR2 ---> budding 
Regulation GAS1 ---> grow 
Regulation FOB1 ---> growth rate 
Regulation synthase ---> grow 
Regulation BOI2 ---> grow 
Regulation SCH9 ---> cell survival 
Regulation YHB1 ---> grow 
Regulation SWE1 ---> budding 
Regulation CDC28 ---> ACT1 
Regulation RAS2 ---> senescence 
Regulation HSP82 ---> grow 
Regulation HSP82 ---> budding 
Regulation TOP1 ---> grow 
Regulation MCD4 ---> budding 
Regulation ubiquitin ---> budding 
Regulation SIR4 ---> senescence 
Regulation RAP1 ---> grow 
Regulation DRS2 ---> budding 
Regulation HOS2 ---> synthesis 
Regulation MATALPHA1 ---> grow 
Regulation ATP1 ---> grow 
Regulation CLA4 ---> ACT1 
Regulation SIR2 ---> grow 
Regulation TRA1 ---> grow 
Regulation CDC6 ---> proliferation 
Regulation CHS3 ---> grow 
Regulation transcription activating factor ---> grow 
Regulation SAC6 ---> endocytosis 
Regulation RAD51 ---> cell survival 
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Regulation CDC6 ---> budding 
Regulation ubiquitin ---> grow 
Regulation BOI1 ---> grow 
Regulation CDC28 ---> grow 
Regulation HYP2 ---> grow 
Regulation TOR1 ---> grow 
Regulation FOB1 ---> grow 
Regulation SSO1 ---> grow 
Regulation GPA2 --+> SCH9 
Regulation RAD51 ---> chromosomal DNA replication 
Regulation GCN2 ---> grow 
Regulation URE2 ---> growth rate 
Regulation PSD2 ---> grow 
Regulation STM1 ---| TOM1 
Regulation heme --+> HAP4 
Regulation BMH1 ---> budding 
Regulation SNF4 ---> senescence 
Regulation TPO1 ---> grow 
Regulation SUR4 ---> grow 
Regulation ACT1 ---> invasive growth 
Regulation PMA1 ---> grow 
Regulation CDC6 --+> RIM1 
Regulation SMT3 ---> grow 
Regulation NPT1 --+> senescence 
Regulation GLK1 ---> respiration 
Regulation NPT1 ---> SIR2 
Regulation CDC28 --+> cytoskeleton 
Regulation LAG1 ---> synthase 
Regulation SPC1 ---> grow 
Regulation SMT3 ---> cell survival 
Regulation SIR2 ---> respiration 
Regulation TMA19 ---| apoptosis 
Regulation FHL1 ---> grow 
Regulation HOS2 ---> cell survival 
Regulation BMH2 ---> budding 
Regulation CDC6 --+> RAP1 
Regulation YPT6 ---> grow 
Regulation NPT1 --+> cell survival 
Regulation STM1 ---> grow 
Regulation SIR2 ---| apoptosis 
Regulation FKS1 ---> grow 
Regulation TMA19 ---> cell survival 
Regulation HXT7 --+> growth rate 
Regulation GAL3 ---> grow 
Regulation PNC1 ---> senescence 
Regulation HAP4 ---> YHB1 
Regulation NSE3 ---> grow 
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Regulation SUR2 ---> grow 
Regulation HOS2 ---> proliferation 
Regulation HAP4 ---> respiration 
Regulation SGV1 ---> grow 
Regulation RAD6 ---> budding 
Regulation ABP1 ---> endocytosis 
Regulation RAS1 ---> senescence 
Regulation SIR4 ---> budding 
Regulation STE24 ---> grow 
Regulation UTH1 ---> autophagy 
Regulation CDC25 --+> synthase 
Regulation SEC28 ---> budding 
Regulation MATALPHA2 ---> budding 
Regulation UTH1 ---> chromosomal DNA replication 
Regulation RIC1 ---> grow 
Regulation SLA1 ---> cytoskeleton 
Regulation SPC1 ---> budding 
Regulation CLA4 ---> cytoskeleton 
Regulation HAP4 ---> growth rate 
Regulation CYC1 ---> grow 
Regulation AGP1 ---> grow 
Regulation GIN4 ---> budding 
Regulation SSN3 ---> grow 
Regulation HOS2 ---> growth rate 
Regulation TMA19 ---> proliferation 
Regulation WHI2 ---> budding 
Regulation GLK1 ---> proliferation 
Regulation transcription activating factor ---> budding 
Regulation BIM1 ---> budding 
Regulation CYR1 ---> budding 
Regulation TOR1 ---| autophagy 
Regulation RAS2 ---> growth rate 
Regulation RVS167 ---> budding 
Regulation ARP2 ---> budding 
Regulation CTF4 ---> budding 
Regulation ACT1 --+> ARP2 
Regulation ABP1 ---> chromosomal DNA replication 
Regulation BIM1 ---> grow 
Regulation RAS2 --+> apoptosis 
Regulation RVS167 ---> grow 
Regulation MOB1 ---> budding 
Regulation HXT7 ---> fermentation 
Regulation CYC1 ---> budding 
Regulation SEC27 ---> budding 
Regulation GLK1 ---> senescence 
Regulation UME6 ---> grow 
Regulation ZDS1 ---> senescence 
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Regulation synthase ---> budding 
Regulation URE2 ---> fermentation 
Regulation RAS2 ---> cytoskeleton 
Regulation SNF5 ---> grow 
Regulation SSD1 ---> grow 
Regulation SCH9 ---> growth rate 
Regulation SCH9 ---> senescence 
Regulation YSC84 ---> endocytosis 
Regulation CLA4 ---> grow 
Regulation TOR1 ---> synthesis 
Regulation TIF6 ---> grow 
Regulation ERV14 ---> budding 
Regulation ARP2 ---> grow 
Regulation HAP4 ---> fermentation 
Regulation ARP3 ---> synthesis 
Regulation ACE2 ---> grow 
Regulation GPA2 ---> senescence 
Regulation TMA19 ---> grow 
Regulation SMT3 ---> chromosomal DNA replication 
Regulation CDC6 ---> apoptosis 
Regulation HOS2 ---| SWI5 
Regulation SSD1 ---> senescence 
Regulation SWE1 ---> grow 
Regulation ACT1 ---> chromosomal DNA replication 
Regulation ORC2 ---> budding 
Regulation SPS1 ---> MCD4 
Regulation YRA1 ---> grow 
Regulation SCP1 ---> budding 
Regulation SPS1 ---> growth rate 
Regulation GPR1 ---> senescence 
Regulation ROM2 ---> grow 
Regulation SMI1 ---| budding 
Regulation ACT1 --+> proliferation 
Regulation glucose --+> TPK2 
Regulation LAG1 --+> endocytosis 
Regulation CDC6 ---> synthesis 
Regulation RAS1 --+> invasive growth 
Regulation ACE2 --+> CDC6 
Regulation SIP4 ---> invasive growth 
Regulation RAS2 --+> invasive growth 
Regulation HOS2 ---| MCD4 
Regulation RAS1 ---> cytoskeleton 
Regulation glucose --+> RAS2 
Regulation TPK2 ---> growth rate 
Regulation TPK2 ---> RIM1 
Regulation glucose ---> SNF4 
Regulation SET2 ---> budding 
 185
Regulation APL2 ---> grow 
Regulation TPK2 ---> invasive growth 
Regulation CDC6 ---> CDC28 
Regulation LOC1 ---> budding 
Regulation RAD51 ---> senescence 
Regulation ABP1 ---> growth rate 
Regulation nitrogen --+> GPA2 
Regulation FOB1 ---> proliferation 
Regulation HAP4 ---> synthesis 
Regulation URE2 ---> invasive growth 
Regulation PNC1 --+> SIR2 
Regulation ROM2 ---> proliferation 
Regulation GCN2 ---> budding 
Regulation FOB1 ---> synthesis 
Regulation URE2 ---> grow 
Regulation GLK1 --+> REG1 
Regulation GPA2 ---> grow 
Regulation HOS2 ---> grow 
Regulation SCP1 ---> cytoskeleton 
Regulation HAP4 ---> senescence 
Regulation SNF1 ---> budding 
Regulation SSD1 ---> proliferation 
Regulation BOI1 ---> budding 
Regulation LAG1 ---> apoptosis 
Regulation ACE2 ---> budding 
Regulation ORC2 ---> grow 
Regulation ACT1 ---> respiration 
Regulation SIR2 ---> proliferation 
Regulation CDC25 ---> invasive growth 
Regulation SDA1 ---> budding 
Regulation GCN4 --+> URE2 
Regulation YKE2 ---> budding 
Regulation ROM2 ---> endocytosis 
Regulation RAP1 ---> budding 
Regulation BOI1 ---> proliferation 
Regulation RAD6 ---> grow 
Regulation REI1 ---| SWE1 
Regulation LAG1 ---> proliferation 
Regulation GCN4 --+> IDH2 
Regulation TOR1 ---> proliferation 
Regulation SDA1 ---> grow 
Regulation RAS2 ---> GCN4 
Regulation GPI8 ---> grow 
Regulation SIR2 ---> fermentation 
Regulation TPK2 ---> budding 
Regulation RAS2 ---| MCD4 
Regulation SCP1 ---> grow 
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Regulation FOB1 ---| chromosomal DNA replication 
Regulation heme ---> ACT1 
Regulation SNF1 --+> SNF4 
Regulation SIP4 ---> fermentation 
Regulation RAS1 ---> MCD4 
Regulation TPK2 ---> fermentation 
Regulation TPK2 --+> transcription activating factor 
Regulation BMH1 ---> grow 
Regulation TUP1 ---> cell survival 
Regulation SSD1 ---> cell survival 
Regulation HOS2 ---> SIR2 
Regulation HAP4 ---> cell survival 
Regulation ABP1 ---> ARP2 
Regulation TOR1 ---> senescence 
Regulation EFT2 ---> apoptosis 
Regulation ARP2 ---> ACT1 
Regulation ACT1 ---> senescence 
Regulation TPK2 ---> apoptosis 
Regulation EFT2 ---> cell survival 
Regulation EFT2 ---> autophagy 
Regulation GCN4 --+> TUP1 
Regulation ACT1 ---> autophagy 
Regulation SCH9 ---> ADR1 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 187
 
 
 
                                                    APPENDIX D 
 
 
                         Table of entities that comprise the composite network   
 
 
                                                       
TYPE NAME 
Cell Object cytoskeleton 
Cell Process chromosomal DNA replication 
Cell Process endocytosis 
Cell Process proliferation 
Cell Process apoptosis 
Cell Process budding 
Cell Process grow 
Cell Process cell survival 
Cell Process growth rate 
Cell Process autophagy 
Cell Process invasive growth 
Cell Process senescence 
Cell Process respiration 
Cell Process synthesis 
Cell Process fermentation 
Functional Class synthase 
Functional Class ubiquitin 
Functional Class transcription activating factor 
Protein CDC6 
Protein SWE1 
Protein MCD4 
Protein BMH2 
Protein GAL3 
Protein CLB2 
Protein CYC1 
Protein PMA1 
Protein MPT5 
Protein RAD53 
Protein GAL83 
Protein SIP4 
Protein SET2 
Protein CAT8 
Protein YKE2 
Protein SSN3 
Protein SNF2 
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Protein SIR4 
Protein KAP123 
Protein TUP1 
Protein GCN4 
Protein SSO1 
Protein ADR1 
Protein SWI1 
Protein TOP1 
Protein STE24 
Protein SNF1 
Protein TOR1 
Protein SSD1 
Protein MATALPHA2 
Protein ELP4 
Protein HOS2 
Protein URE2 
Protein HSP82 
Protein GFA1 
Protein SIR2 
Protein YPT6 
Protein SUR4 
Protein SNF4 
Protein HYP2 
Protein HAP4 
Protein YHB1 
Protein MATALPHA1 
Protein ACT1 
Protein RIM1 
Protein RNA14 
Protein YPC1 
Protein HXT7 
Protein HOC1 
Protein NTH1 
Protein TRA1 
Protein ADA2 
Protein ARP3 
Protein RTG3 
Protein CHS7 
Protein REG1 
Protein UME6 
Protein GCN2 
Protein PRP3 
Protein ACE2 
Protein ZDS1 
Protein UTH1 
Protein GLK1 
Protein GPR1 
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Protein AGP1 
Protein WHI2 
Protein SNF5 
Protein RAS2 
Protein RAP1 
Protein CDC28 
Protein FKS1 
Protein SPS1 
Protein RAS1 
Protein SPC1 
Protein YRA1 
Protein NIP1 
Protein ASF1 
Protein TPO1 
Protein SWI5 
Protein TPK2 
Protein SCP1 
Protein GPA2 
Protein FOB1 
Protein PHD1 
Protein RAD6 
Protein SMT3 
Protein NAP1 
Protein PNC1 
Protein BMH1 
Protein CHS3 
Protein JSN1 
Protein ARP2 
Protein CLA4 
Protein TIF6 
Protein BOI1 
Protein RAD51 
Protein ORC2 
Protein ABP1 
Protein RVS161 
Protein DRS2 
Protein GAS1 
Protein SEC31 
Protein BNR1 
Protein CIC1 
Protein SCH9 
Protein CCS1 
Protein GPI8 
Protein NOG2 
Protein MOB1 
Protein SIP2 
Protein TOM1 
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Protein SPF1 
Protein GIN4 
Protein MAS1 
Protein CDC25 
Protein RPN10 
Protein SAC6 
Protein ROM2 
Protein RET2 
Protein RIC1 
Protein SEC28 
Protein MAK21 
Protein SPT5 
Protein SLA1 
Protein TIF4631 
Protein LAG1 
Protein RVS167 
Protein ARP6 
Protein NUP116 
Protein BOI2 
Protein SFB3 
Protein EFT2 
Protein CFT1 
Protein SGV1 
Protein FAS1 
Protein NMD3 
Protein BIM1 
Protein ELG1 
Protein ERV14 
Protein CYR1 
Protein CTF4 
Protein HCA4 
Protein STM1 
Protein PAC10 
Protein POL32 
Protein RAD18 
Protein ATP1 
Protein ERG26 
Protein TAF14 
Protein UBP3 
Protein PSD2 
Protein NAF1 
Protein NOP4 
Protein TMA19 
Protein CYS4 
Protein NSE3 
Protein IDH2 
Protein SOK1 
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Protein NPT1 
Protein CSG2 
Protein SWR1 
Protein FHL1 
Protein SHR5 
Protein CYT2 
Protein SCS2 
Protein BNA2 
Protein PUT3 
Protein GIM5 
Protein REF2 
Protein AVT4 
Protein SUR2 
Protein NOP2 
Protein SEC27 
Protein SDA1 
Protein CSR2 
Protein DBP8 
Protein LOC1 
Protein SKT5 
Protein HTZ1 
Protein YSC84 
Protein IDP3 
Protein APL2 
Protein NOP15 
Protein CSM3 
Protein RTN1 
Protein IOC2 
Protein SMI1 
Protein SWP1 
Protein RGP1 
Protein RPC82 
Protein REI1 
Protein MDM39 
Protein RMD7 
Protein MBR1 
Protein ARX1 
Protein YAF9 
Protein ARP7 
Protein RPL20B 
Protein MIS1 
Protein YBR238C 
Protein ARR4 
Protein PDC6 
Protein SKG6 
Protein NNT1 
Protein SWC3 
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Protein SWC5 
Protein ORM2 
Protein YBR255W 
Protein RPL31B 
Protein VPS71 
Protein RPL6B 
Protein BRE5 
Protein RPL20A 
Protein VPS72 
Protein YAR010C 
Protein MRPL37 
Protein LAG2 
Protein YOR135C 
Protein YBR266C 
Protein SCS7 
Small Molecule heme 
Small Molecule glucose 
Small Molecule nitrogen 
Small Molecule superoxide 
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                                                    APPENDIX E 
 
 
Genes (nodes) in the binding sub-network which contains 171 
genes/proteins.   33 of the genes/proteins previously reported to 
increase replicative life span that were used to build the SPLN 
(Input), 45 genes that are required for vegetative growth in yeast 
(Essential), 5 non-essential genes that are not present in the MATα 
haploid deletion collection or for which no viable cells were 
obtained (No Grow/No Deletion), and 88 genes for which 
replicative life span was assayed (RLS Determined).  Seven of the 
genes/proteins previously reported to increase replicative life span 
are not contained in the Binding network: Gpr1, Hxk2, Rpd3, 
Rpl31a, Sch9, Tlc1, Uth1, and Ybr266c. 
 
 
ORF Gene Status 
YCR088W ABP1 RLS Determined 
YFL039C ACT1 Essential 
YDR448W ADA2 RLS Determined 
YDR216W ADR1 RLS Determined 
YCL025C AGP1 RLS Determined 
YKL135C APL2 RLS Determined 
YDL029W ARP2 Essential 
YJR065C ARP3 Essential 
YPR034W ARP7 Essential 
YDR101C ARX1 RLS Determined 
YNL101W AVT4 RLS Determined 
YER177W BMH1 RLS Determined 
YDR099W BMH2 RLS Determined 
YIL159W BNR1 RLS Determined 
YBL085W BOI1 RLS Determined 
YER114C BOI2 RLS Determined 
YNR051C BRE5 Input 
YLR310C CDC25 Input 
YBR160W CDC28 Essential 
YJL194W CDC6 Input 
YDR301W CFT1 Essential 
YHR142W CHS7 RLS Determined 
YHR052W CIC1 Essential 
YNL298W CLA4 RLS Determined 
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YPR119W CLB2 RLS Determined 
YBR036C CSG2 RLS Determined 
YJR048W CYC1 RLS Determined 
YJL005W CYR1 Input 
YGR155W CYS4 RLS Determined 
YKL087C CYT2 RLS Determined 
YHR169W DBP8 Essential 
YDR385W EFT2 RLS Determined 
YOR144C ELG1 RLS Determined 
YPL101W ELP4 RLS Determined 
YKL182W FAS1 Essential 
YPR104C FHL1 Essential 
YLR342W FKS1 RLS Determined 
YDR110W FOB1 Input 
YER027C GAL83 RLS Determined 
YMR307W GAS1 RLS Determined 
YDR283C GCN2 RLS Determined 
YEL009C GCN4 RLS Determined 
YKL104C GFA1 Essential 
YML094W GIM5 RLS Determined 
YDR507C GIN4 RLS Determined 
YCL040W GLK1 RLS Determined 
YER020W GPA2 Input 
YDR331W GPI8 Essential 
YKL109W HAP4 Input 
YJL033W HCA4 Essential 
YGL194C HOS2 RLS Determined 
YPL240C HSP82 RLS Determined 
YOL012C HTZ1 RLS Determined 
YDR342C HXT7 No Deletion/No Grow 
YEL034W HYP2 Essential 
YOR136W IDH2 Input 
YNL009W IDP3 RLS Determined 
YLR095C IOC2 RLS Determined 
YJR091C JSN1 RLS Determined 
YER110C KAP123 RLS Determined 
YHL003C LAG1 Input 
YOL025W LAG2 Input 
YFR001W LOC1 RLS Determined 
YDR060W MAK21 Essential 
YLR163C MAS1 Essential 
YBR084W MIS1 RLS Determined 
YIL106W MOB1 Essential 
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YGL178W MPT5 Input 
YPR030W MRG19 Input 
YNL124W NAF1 Essential 
YKR048C NAP1 RLS Determined 
YMR309C NIP1 Essential 
YHR170W NMD3 Essential 
YLR285W NNT1 Input 
YNR053C NOG2 Essential 
YNL110C NOP15 Essential 
YNL061W NOP2 Essential 
YPL043W NOP4 Essential 
YOR209C NPT1 Input 
YDR288W NSE3 Essential 
YDR001C NTH1 RLS Determined 
YMR047C NUP116 Essential 
YBR060C ORC2 Essential 
YLR350W ORM2 RLS Determined 
YGR087C PDC6 RLS Determined 
YKL043W PHD1 RLS Determined 
YGL008C PMA1 Essential 
YGL037C PNC1 Input 
YDR473C PRP3 Essential 
YER095W RAD51 RLS Determined 
YPL153C RAD53 Essential 
YNL216W RAP1 Essential 
YOR101W RAS1 Input 
YNL0986 RAS2 Input 
YDR195W REF2 RLS Determined 
YDR028C REG1 RLS Determined 
YBR267W REI1 Input 
YFR051C RET2 Essential 
YCR028CA RIM1 RLS Determined 
YMR061W RNA14 Essential 
YLR371W ROM2 Input 
YPR190C RPC82 Essential 
YMR242C RPL20A RLS Determined 
YOR312C RPL20B RLS Determined 
YLR406C RPL31B RLS Determined 
YLR448W RPL6B Input 
YHR200W RPN10 RLS Determined 
YBL103C RTG3 Input 
YDR233C RTN1 RLS Determined 
YCR009C RVS161 RLS Determined 
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YDR388W RVS167 No Deletion/No Grow 
YDR129C SAC6 RLS Determined 
YOR367W SCP1 Input 
YER120W SCS2 RLS Determined 
YGR245C SDA1 Essential 
YGL137W SEC27 Essential 
YIL076W SEC28 RLS Determined 
YDL195W SEC31 Essential 
YHR098C SFB3 No Deletion/No Grow 
YPR161C SGV1 Essential 
YGL208W SIP2 RLS Determined 
YJL089W SIP4 RLS Determined 
YDL042C SIR2 Input 
YDR227W SIR4 Input 
YHR149C SKG6 No Deletion/No Grow 
YBL007C SLA1 RLS Determined 
YGR229C SMI1 RLS Determined 
YDR510W SMT3 Essential 
YDR477W SNF1 RLS Determined 
YOR290C SNF2 RLS Determined 
YGL115W SNF4 Input 
YBR289W SNF5 RLS Determined 
YDR006C SOK1 RLS Determined 
YJR010CA SPC1 RLS Determined 
YDR523C SPS1 RLS Determined 
YML010W SPT5 Essential 
YDR293C SSD1 Input 
YPL042C SSN3 RLS Determined 
YPR163C STM1 RLS Determined 
YBR231C SWC5 RLS Determined 
YJL187C SWE1 RLS Determined 
YPL016W SWI1 Essential 
YDR146C SWI5 RLS Determined 
YMR149W SWP1 Essential 
YDR334W SWR1 RLS Determined 
YPL129W TAF14 RLS Determined 
YGR162W TIF4631 RLS Determined 
YPR016C TIF6 Essential 
YKL056C TMA19 RLS Determined 
YDR457W TOM1 RLS Determined 
YOL006C TOP1 RLS Determined 
YJR066W TOR1 Input 
YPL203W TPK2 Input 
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YHR099W TRA1 Essential 
YCR084C TUP1 RLS Determined 
YER151C UBP3 RLS Determined 
YDR207C UME6 RLS Determined 
YNL229C URE2 Input 
YML041C VPS71 RLS Determined 
YOR043W WHI2 RLS Determined 
YNL107W YAF9 RLS Determined 
YAR101C YAR010C No Deletion/No Grow 
YBR238C YBR238C Input 
YBR255W YBR255W Input 
YGR234W YHB1 RLS Determined 
YLR200W YKE2 RLS Determined 
YOR135C YOR135C Input 
YBR183W YPC1 RLS Determined 
YDR381W YRA1 Essential 
YHR016C YSC84 RLS Determined 
YMR273C ZDS1 Input 
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                                                                                        APPENDIX F 
 
Replicative life span analysis of single-gene deletion strains corresponding to genes in the Binding network.  Replicative life 
span was determined for each single gene deletion strain (∆) present in the MATα ORF deletion collection that corresponds to a gene 
in the shortest-path longevity network (SPLN).  Replicative life span data for each haploid deletion (∆) and experiment matched wild 
type mother cells are shown as mean replicative life span with number of cells assayed in parentheses.  P-value is calculated by a 
Wilcoxon Rank-Sum test.  Pooled haploid data refers to pooled MATα and MATa deletion and wild type data.  
 
  MATα MATa Pooled haploid mating types 
ORF GENE ∆ BY4742 p-value ∆ BY4741 p-value ∆ WT Pooled p-value 
YCR088W ABP1 30.5 (40) 25.4 (45) 1.1E-02 25.5 (80) 30.4 (100) 4.0E-04 27.2 (120) 28.8 (145) 1.4E-01 
YDR448W ADA2 11.6 (5) 24.2 (5) 7.9E-03 - - - 11.6 (5) 24.2 (5) 7.9E-03 
YDR216W ADR1 17.2 (5) 25.6 (5) 7.9E-03 - - - 17.2 (5) 25.6 (5) 7.9E-03 
YCL025C AGP1 19.4 (5) 22.8 (5) 2.9E-01 - - - 19.4 (5) 22.8 (5) 2.9E-01 
YKL135C APL2 18.8 (5) 25.6 (5) 4.0E-02 - - - 18.8 (5) 25.6 (5) 4.0E-02 
YDR101C ARX1 24.4 (25) 24.5 (35) 7.6E-01 - - - 24.4 (25) 24.5 (35) 7.6E-01 
YNL101W AVT4 19.2 (5) 36.4 (5) 1.0E-01 - - - 19.2 (5) 36.4 (5) 1.0E-01 
YER177W BMH1 20.1 (10) 22.7 (10) 6.8E-01 - - - 20.1 (10) 22.7 (10) 6.8E-01 
YDR099W BMH2 26.1 (15) 28.5 (15) 3.0E-01 - - - 26.1 (15) 28.5 (15) 3.0E-01 
YIL159W BNR1 25 (5) 23.6 (5) 1.0E+00 - - - 25 (5) 23.6 (5) 1.0E+00 
YBL085W BOI1 25.3 (25) 26.4 (25) 4.2E-01 - - - 25.3 (25) 26.4 (25) 4.2E-01 
YER114C BOI2 35.2 (45) 25.8 (65) 1.0E-05 30.1 (80) 28.7 (100) 3.8E-01 31.9 (125) 27.6 (165) 4.5E-04 
YHR142W CHS7 18 (5) 22.4 (5) 4.6E-01 - - - 18 (5) 22.4 (5) 4.6E-01 
YNL298W CLA4 10 (25) 23.8 (45) 2.6E-09 - - - 10 (25) 23.8 (45) 2.6E-09 
YPR119W CLB2 28.7 (65) 24.6 (65) 2.2E-02 30.9 (40) 30 (80) 9.4E-01 29.5 (105) 27.6 (145) 3.3E-01 
YBR036C CSG2 18.8 (5) 29.4 (5) 2.4E-01 - - - 18.8 (5) 29.4 (5) 2.4E-01 
YJR048W CYC1 13.2 (5) 31.4 (5) 7.9E-03 - - - 13.2 (5) 31.4 (5) 7.9E-03 
YGR155W CYS4 14.4 (5) 20.8 (5) 2.9E-01 - - - 14.4 (5) 20.8 (5) 2.9E-01 
YKL087C CYT2 17.9 (46) 23.9 (65) 4.0E-03 - - - 17.9 (46) 23.9 (65) 4.0E-03 
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YDR385W EFT2 22.3 (15) 21.8 (25) 7.2E-01 - - - 22.3 (15) 21.8 (25) 7.2E-01 
YOR144C ELG1 25 (5) 32.8 (5) 3.8E-01 - - - 25 (5) 32.8 (5) 3.8E-01 
YPL101W ELP4 34.5 (45) 25.6 (65) 1.2E-05 33.1 (80) 27.9 (120) 9.0E-03 32.4 (125) 27.1 (185) 2.2E-06 
YLR342W FKS1 24 (5) 20.6 (5) 5.2E-01 - - - 24 (5) 20.6 (5) 5.2E-01 
YER027C GAL83 13.2 (5) 20.8 (5) 4.2E-01 - - - 13.2 (5) 20.8 (5) 4.2E-01 
YMR307W GAS1 18.6 (20) 24.1 (25) 8.2E-03 - - - 18.6 (20) 24.1 (25) 8.2E-03 
YDR283C GCN2 25.6 (375) 27.4 (445) 9.8E-03 23.1 (140) 27.8 (180) 7.5E-06 24.9 (515) 27.5 (625) 5.4E-06 
YEL009C GCN4 26.8 (1045) 25.1 (1005) 8.7E-04 26.3 (240) 26.5 (320) 7.1E-01 26.7 (1285) 25.4 (1325) 8.0E-03 
YML094W GIM5 19 (5) 29.6 (5) 1.5E-01 - - - 19 (5) 29.6 (5) 1.5E-01 
YDR507C GIN4 14.9 (25) 22.6 (25) 4.1E-04 - - - 14.9 (25) 22.6 (25) 4.1E-04 
YCL040W GLK1 28.5 (45) 25.9 (65) 1.3E-01 24.7 (40) 28.3 (40) 1.7E-02 26.7 (85) 26.8 (105) 7.1E-01 
YGL194C HOS2 28.1 (45) 25.8 (65) 2.7E-01 - - - 28.1 (45) 25.8 (65) 2.7E-01 
YPL240C HSP82 27.7 (25) 26.3 (45) 6.5E-01 - - - 27.7 (25) 26.3 (45) 6.5E-01 
YOL012C HTZ1 19.2 (5) 30 (5) 1.5E-01 - - - 19.2 (5) 30 (5) 1.5E-01 
YNL009W IDP3 29.9 (65) 26.2 (65) 2.2E-02 23.5 (80) 28 (100) 3.8E-04 26.3 (145) 27.3 (165) 2.6E-01 
YLR095C IOC2 23.7 (25) 27.9 (25) 9.8E-02 - - - 23.7 (25) 27.9 (25) 9.8E-02 
YJR091C JSN1 22.4 (5) 28.4 (5) 3.3E-01 - - - 22.4 (5) 28.4 (5) 3.3E-01 
YER110C KAP123 22.8 (5) 20.4 (5) 5.2E-01 - - - 22.8 (5) 20.4 (5) 5.2E-01 
YFR001W LOC1 36.7 (45) 25.9 (45) 9.3E-05 21.7 (20) 26.5 (40) 1.4E-01 32.1 (65) 26.2 (85) 5.0E-03 
YBR084W MIS1 25.6 (5) 28.6 (5) 8.4E-01 - - - 25.6 (5) 28.6 (5) 8.4E-01 
YKR048C NAP1 24.6 (45) 27.2 (45) 6.3E-02 - - - 24.6 (45) 27.2 (45) 6.3E-02 
YDR001C NTH1 29.8 (45) 26.2 (65) 1.5E-01 25.3 (60) 29.5 (80) 1.5E-02 27.2 (105) 28 (145) 3.5E-01 
YLR350W ORM2 22.6 (10) 22.7 (10) 7.0E-01 - - - 22.6 (10) 22.7 (10) 7.0E-01 
YGR087C PDC6 23.8 (5) 32.8 (5) 4.0E-01 - - - 23.8 (5) 32.8 (5) 4.0E-01 
YKL043W PHD1 29 (25) 23.8 (25) 1.6E-02 - - - 29 (25) 23.8 (25) 1.6E-02 
YER095W RAD51 8.2 (5) 22.2 (5) 7.9E-02 - - - 8.2 (5) 22.2 (5) 7.9E-02 
YDR195W REF2 18.8 (5) 25.6 (5) 1.5E-01 - - - 18.8 (5) 25.6 (5) 1.5E-01 
YDR028C REG1 19.2 (5) 26.4 (5) 9.5E-02 - - - 19.2 (5) 26.4 (5) 9.5E-02 
YCR028CA RIM1 29 (65) 25.5 (85) 2.4E-02 33.9 (100) 28.6 (160) 3.1E-04 32 (165) 27.5 (245) 4.9E-05 
YMR242C RPL20A 15.7 (55) 26.2 (65) 3.0E-09 21.6 (20) 21.3 (20) 8.5E-01 17.3 (75) 25 (85) 6.4E-08 
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YOR312C RPL20B 35.7 (305) 26.4 (305) 2.2E-25 37.2 (100) 25.3 (80) 2.1E-10 36.1 (405) 26.2 (385) 2.4E-34 
YLR406C RPL31B 22.3 (45) 24.2 (45) 3.5E-01 - - - 22.3 (45) 24.2 (45) 3.5E-01 
YHR200W RPN10 18.8 (5) 22.8 (5) 5.4E-01 - - - 18.8 (5) 22.8 (5) 5.4E-01 
YDR233C RTN1 29.8 (65) 25.8 (85) 9.2E-03 27.8 (80) 30.1 (120) 1.9E-01 28.7 (145) 28.3 (205) 5.8E-01 
YCR009C RVS161 29.4 (45) 25.9 (65) 2.5E-02 13.2 (40) 29.7 (80) 4.8E-12 21.8 (85) 28 (145) 1.2E-04 
YDR129C SAC6 14.7 (30) 25.8 (60) 2.4E-05 - - - 14.7 (30) 25.8 (60) 2.4E-05 
YER120W SCS2 16.6 (5) 20.4 (5) 6.3E-01 - - - 16.6 (5) 20.4 (5) 6.3E-01 
YIL076W SEC28 31.2 (35) 25.6 (65) 5.7E-03 29.7 (60) 31 (80) 5.2E-01 30.3 (95) 28.6 (145) 2.3E-01 
YGL208W SIP2 29.4 (85) 26.5 (105) 6.6E-02 30.8 (40) 28.3 (40) 2.1E-01 29.9 (125) 27 (145) 3.3E-02 
YJL089W SIP4 17.4 (5) 18.8 (5) 8.4E-01 - - - 17.4 (5) 18.8 (5) 8.4E-01 
YBL007C SLA1 8.6 (25) 21.9 (25) 3.2E-08 - - - 8.6 (25) 21.9 (25) 3.2E-08 
YGR229C SMI1 22.8 (5) 21.8 (5) 5.2E-01 - - - 22.8 (5) 21.8 (5) 5.2E-01 
YDR477W SNF1 38.8 (40) 25.5 (40) 2.4E-06 26.1 (100) 27 (120) 3.5E-01 29.8 (140) 26.6 (160) 4.9E-02 
YOR290C SNF2 24.8 (5) 28.6 (5) 5.7E-01 - - - 24.8 (5) 28.6 (5) 5.7E-01 
YBR289W SNF5 27.8 (25) 25.4 (45) 2.3E-01 - - - 27.8 (25) 25.4 (45) 2.3E-01 
YDR006C SOK1 39.7 (45) 26.3 (65) 5.6E-09 35 (100) 28.8 (120) 1.8E-05 36.5 (145) 27.9 (185) 3.7E-12 
YJR010CA SPC1 27.8 (25) 27.6 (25) 1.0E+00 - - - 27.8 (25) 27.6 (25) 1.0E+00 
YDR523C SPS1 31.5 (45) 25.4 (45) 9.2E-03 33.9 (80) 29.8 (80) 3.8E-02 33 (125) 28.2 (125) 2.2E-03 
YPL042C SSN3 21.2 (55) 26.6 (105) 1.1E-04 - - - 21.2 (55) 26.6 (105) 1.1E-04 
YPR163C STM1 17.9 (25) 22.8 (25) 1.6E-01 - - - 17.9 (25) 22.8 (25) 1.6E-01 
YBR231C SWC5 15.9 (10) 29.6 (10) 1.7E-03 - - - 15.9 (10) 29.6 (10) 1.7E-03 
YJL187C SWE1 15.4 (5) 22 (5) 2.0E-01 - - - 15.4 (5) 22 (5) 2.0E-01 
YDR146C SWI5 31 (45) 25.7 (85) 1.2E-02 - - - 31 (45) 25.7 (85) 1.2E-02 
YDR334W SWR1 24.1 (30) 26.9 (30) 1.1E-01 - - - 24.1 (30) 26.9 (30) 1.1E-01 
YPL129W TAF14 29.6 (65) 25.7 (105) 1.2E-02 14.9 (60) 31 (80) 2.7E-12 22.6 (125) 28 (185) 1.3E-04 
YGR162W TIF4631 27.9 (95) 23.7 (145) 6.6E-03 33.1 (100) 27 (100) 2.8E-04 30.6 (195) 25 (245) 4.3E-07 
YKL056C TMA19 33.4 (45) 25.3 (65) 2.2E-04 37.4 (60) 30 (80) 1.6E-03 35.7 (105) 27.9 (145) 2.0E-06 
YDR457W TOM1 30.1 (45) 25.4 (65) 2.1E-02 31.4 (100) 28.6 (160) 8.8E-02 31 (145) 27.7 (225) 8.7E-03 
YOL006C TOP1 12.4 (5) 30 (5) 7.9E-03 - - - 12.4 (5) 30 (5) 7.9E-03 
YCR084C TUP1 23.8 (20) 24.2 (25) 8.4E-01 - - - 23.8 (20) 24.2 (25) 8.4E-01 
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YER151C UBP3 27.7 (65) 25.1 (105) 2.2E-01 - - - 27.7 (65) 25.1 (105) 2.2E-01 
YDR207C UME6 14.6 (5) 25.6 (5) 7.9E-03 - - - 14.6 (5) 25.6 (5) 7.9E-03 
YML041C VPS71 12.6 (5) 20.8 (5) 1.5E-01 - - - 12.6 (5) 20.8 (5) 1.5E-01 
YOR043W WHI2 13.6 (5) 24 (5) 7.9E-03 - - - 13.6 (5) 24 (5) 7.9E-03 
YNL107W YAF9 27.8 (25) 26 (25) 7.4E-01 - - - 27.8 (25) 26 (25) 7.4E-01 
YGR234W YHB1 21.8 (5) 21.8 (5) 7.6E-01 - - - 21.8 (5) 21.8 (5) 7.6E-01 
YLR200W YKE2 24.5 (25) 25.4 (25) 7.0E-01 - - - 24.5 (25) 25.4 (25) 7.0E-01 
YBR183W YPC1 28.7 (25) 26 (45) 4.9E-01 24.1 (40) 27.9 (40) 4.0E-02 25.9 (65) 26.9 (85) 2.8E-01 
YHR016C YSC84 28.7 (40) 24.1 (65) 1.9E-02 27.9 (100) 28.9 (120) 3.3E-01 28.1 (140) 27.2 (185) 5.1E-01 
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                                                                                            APPENDIX G 
 
Replicative life-span analysis of 564 randomly selected single-gene deletion strains.  Replicative life span (RLS) analysis of 564 
single-gene deletion strains was previously described.  The data presented here include the previously reported RLS data for these 
strains and additional RLS data for these strains performed since publication of the prior data set as part of an ongoing genome-wide 
study of RLS across the entire yeast ORF deletion collection.  RLS for each haploid deletion (∆) and experiment matched wild type 
mother cells are shown as mean replicative life span with number of cells assayed in parentheses.  P-value is calculated by a 
Wilcoxon Rank-Sum test.  Pooled haploid data refers to pooled MATα and MATa deletion and wild type data.  
 
  MATα MATa Pooled haploid mating types 
    ORF GENE ∆  BY4742 p-value ∆ BY4741 p-value ∆ WT 
Pooled 
p-value 
YMR056C AAC1 25.3 (105) 23.9 (135) 2.2E-01 28.7 (100) 26.8 (120) 1.3E-01 26.9 (205) 25.3 (255) 2.7E-02 
YCR107W AAD3 27.4 (20) 23.8 (20) 3.7E-01 - - - 27.4 (20) 23.8 (20) 3.7E-01 
YHR047C AAP1' 15.8 (5) 22.4 (5) 1.9E-01 - - - 15.8 (5) 22.4 (5) 1.9E-01 
YAL054C ACS1 24.5 (10) 26.1 (10) 5.7E-01 - - - 24.5 (10) 26.1 (10) 5.7E-01 
YGR061C ADE6 25.7 (25) 28.4 (25) 4.0E-01 - - - 25.7 (25) 28.4 (25) 4.0E-01 
YER170W ADK2 23.4 (10) 22.7 (10) 6.5E-01 - - - 23.4 (10) 22.7 (10) 6.5E-01 
YDR085C AFR1 23.4 (10) 29.6 (10) 8.1E-02 - - - 23.4 (10) 29.6 (10) 8.1E-02 
YHR093W AHT1 28.4 (15) 25 (25) 5.4E-01 - - - 28.4 (15) 25 (25) 5.4E-01 
YDR264C AKR1 14.7 (25) 25.8 (25) 9.5E-06 - - - 14.7 (25) 25.8 (25) 9.5E-06 
YMR169C ALD3 29.4 (10) 30 (10) 9.1E-01 - - - 29.4 (10) 30 (10) 9.1E-01 
YDR111C ALT2 19.7 (10) 29.6 (10) 8.2E-02 - - - 19.7 (10) 29.6 (10) 8.2E-02 
YDR242W AMD2 23.8 (30) 25.4 (30) 2.8E-01 - - - 23.8 (30) 25.4 (30) 2.8E-01 
YBR231C AOR1 15.9 (10) 29.6 (10) 1.7E-03 - - - 15.9 (10) 29.6 (10) 1.7E-03 
YHR018C ARG4 29 (25) 26.3 (25) 5.4E-01 - - - 29 (25) 26.3 (25) 5.4E-01 
YBR249C ARO4 26.5 (15) 28.5 (15) 9.7E-01 - - - 26.5 (15) 28.5 (15) 9.7E-01 
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YHR137W ARO9 20 (5) 22.4 (5) 8.4E-01 - - - 20 (5) 22.4 (5) 8.4E-01 
YHR129C ARP1 15.7 (20) 24.5 (25) 3.3E-03 - - - 15.7 (20) 24.5 (25) 3.3E-03 
YDR101C ARX1 24.4 (25) 24.5 (35) 7.6E-01 - - - 24.4 (25) 24.5 (35) 7.6E-01 
YGR097W ASK10 23.7 (10) 29.3 (10) 3.1E-01 - - - 23.7 (10) 29.3 (10) 3.1E-01 
YDR321W ASP1 31.5 (20) 26.9 (35) 3.5E-01 - - - 31.5 (20) 26.9 (35) 3.5E-01 
YLR423C ATG17 18.4 (5) 28.8 (5) 2.9E-01 - - - 18.4 (5) 28.8 (5) 2.9E-01 
YCL038C ATG22 25.7 (10) 28.5 (10) 6.5E-01 - - - 25.7 (10) 28.5 (10) 6.5E-01 
YLR431C ATG23 25.4 (20) 26.9 (30) 3.4E-01 - - - 25.4 (20) 26.9 (30) 3.4E-01 
YML081CA ATP18 15.5 (14) 24.5 (45) 1.1E-03 - - - 15.5 (14) 24.5 (45) 1.1E-03 
YDR298C ATP5 23.4 (25) 25.8 (25) 2.6E-01 - - - 23.4 (25) 25.8 (25) 2.6E-01 
YOR113W AZF1 28 (45) 26 (45) 3.3E-01 - - - 28 (45) 26 (45) 3.3E-01 
YOR134W BAG7 30.3 (20) 25.4 (65) 1.6E-01 22.9 (20) 22.1 (20) 6.4E-01 26.6 (40) 24.6 (85) 5.7E-01 
YKR099W BAS1 35.6 (30) 26.9 (30) 1.7E-03 23.1 (40) 25.3 (60) 1.8E-01 28.5 (70) 25.8 (90) 1.9E-01 
YNR058W BIO3 29.9 (20) 24.8 (50) 1.3E-01 - - - 29.9 (20) 24.8 (50) 1.3E-01 
YNR057C BIO4 21.8 (5) 28.8 (5) 4.5E-01 - - - 21.8 (5) 28.8 (5) 4.5E-01 
YNR056C BIO5 20.8 (5) 28.8 (5) 3.8E-01 - - - 20.8 (5) 28.8 (5) 3.8E-01 
YER177W BMH1 20.1 (10) 22.7 (10) 6.8E-01 - - - 20.1 (10) 22.7 (10) 6.8E-01 
YDR099W BMH2 26.1 (15) 28.5 (15) 3.0E-01 - - - 26.1 (15) 28.5 (15) 3.0E-01 
YNR051C BRE5 25.8 (80) 26.6 (130) 4.8E-01 32.8 (40) 25.3 (60) 6.6E-03 28.2 (120) 26.1 (190) 2.8E-01 
YDR275W BSC2 34.2 (25) 27.6 (25) 3.4E-02 28.2 (20) 29.7 (20) 9.0E-01 31.6 (45) 28.5 (45) 2.0E-01 
YDR252W BTT1 24.8 (5) 29 (5) 7.3E-01 - - - 24.8 (5) 29 (5) 7.3E-01 
YMR055C BUB2 22.6 (15) 23.7 (15) 4.8E-01 - - - 22.6 (15) 23.7 (15) 4.8E-01 
YLR353W BUD8 31.3 (25) 24 (55) 5.2E-02 - - - 31.3 (25) 24 (55) 5.2E-02 
YHR114W BZZ1 20.8 (5) 22.4 (5) 8.0E-01 - - - 20.8 (5) 22.4 (5) 8.0E-01 
YLR438W CAR2 16.4 (5) 28.8 (5) 5.6E-02 - - - 16.4 (5) 28.8 (5) 5.6E-02 
YDR270W CCC2 17.8 (5) 29 (5) 2.2E-01 - - - 17.8 (5) 29 (5) 2.2E-01 
YDR254W CHL4 22.6 (10) 27.4 (10) 2.7E-01 - - - 22.6 (10) 27.4 (10) 2.7E-01 
YHR142W CHS7 18 (5) 22.4 (5) 4.6E-01 - - - 18 (5) 22.4 (5) 4.6E-01 
YGR108W CLB1 24 (25) 28.4 (25) 1.5E-02 - - - 24 (25) 28.4 (25) 1.5E-02 
YGR109C CLB6 24.1 (25) 28.4 (25) 2.0E-01 - - - 24.1 (25) 28.4 (25) 2.0E-01 
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YLR433C CNA1 23.8 (20) 26.9 (30) 1.9E-01 - - - 23.8 (20) 26.9 (30) 1.9E-01 
YLL018CA COX19 17.4 (5) 28.8 (5) 1.0E-01 - - - 17.4 (5) 28.8 (5) 1.0E-01 
YIL111W COX5B 27.8 (20) 24.4 (20) 2.6E-01 - - - 27.8 (20) 24.4 (20) 2.6E-01 
YHR057C CPR2 24 (5) 22.4 (5) 4.4E-01 - - - 24 (5) 22.4 (5) 4.4E-01 
YDR304C CPR5 25.6 (5) 29 (5) 7.9E-01 - - - 25.6 (5) 29 (5) 7.9E-01 
YOR100C CRC1 31.6 (25) 25.3 (25) 1.7E-02 25.9 (40) 25.3 (60) 6.7E-01 28.1 (65) 25.3 (85) 2.5E-01 
YLR429W CRN1 30.2 (25) 27.6 (25) 5.6E-01 - - - 30.2 (25) 27.6 (25) 5.6E-01 
YLR380W CSR1 22.3 (15) 23.7 (15) 5.5E-01 - - - 22.3 (15) 23.7 (15) 5.5E-01 
YDR256C CTA1 29.9 (20) 26.9 (35) 4.3E-01 - - - 29.9 (20) 26.9 (35) 4.3E-01 
YLR381W CTF3 24.3 (10) 22.7 (10) 4.3E-01 - - - 24.3 (10) 22.7 (10) 4.3E-01 
YHR109W CTM1 22 (5) 22.4 (5) 1.0E+00 - - - 22 (5) 22.4 (5) 1.0E+00 
YGR088W CTT1 24.8 (25) 28.4 (25) 2.2E-01 - - - 24.8 (25) 28.4 (25) 2.2E-01 
YAL012W CYS3 30.2 (25) 24.5 (25) 1.9E-01 - - - 30.2 (25) 24.5 (25) 1.9E-01 
YHR028C DAP2 22 (5) 22.4 (5) 8.8E-01 - - - 22 (5) 22.4 (5) 8.8E-01 
YOR180C DCI1 29.8 (25) 28.4 (25) 8.3E-01 - - - 29.8 (25) 28.4 (25) 8.3E-01 
YOR173W DCS2 22.8 (10) 29.3 (10) 2.1E-01 - - - 22.8 (10) 29.3 (10) 2.1E-01 
YOR163W DDP1 27.8 (25) 25.3 (25) 2.2E-01 - - - 27.8 (25) 25.3 (25) 2.2E-01 
YFL001W DEG1 27.8 (35) 24.5 (35) 1.9E-01 - - - 27.8 (35) 24.5 (35) 1.9E-01 
YLR348C DIC1 23.3 (15) 23.7 (15) 7.7E-01 - - - 23.3 (15) 23.7 (15) 7.7E-01 
YDR263C DIN7 22.6 (5) 29 (5) 5.8E-01 - - - 22.6 (5) 29 (5) 5.8E-01 
YIR004W DJP1 28.6 (25) 24 (55) 1.4E-01 - - - 28.6 (25) 24 (55) 1.4E-01 
YER179W DMC1 22.3 (15) 23.7 (15) 7.7E-01 - - - 22.3 (15) 23.7 (15) 7.7E-01 
YDR093W DNF2 22.9 (15) 25.2 (20) 4.3E-01 - - - 22.9 (15) 25.2 (20) 4.3E-01 
YDR069C DOA4 15.8 (10) 29.6 (10) 1.3E-03 - - - 15.8 (10) 29.6 (10) 1.3E-03 
YHR044C DOG1 25.8 (15) 25 (25) 9.1E-01 - - - 25.8 (15) 25 (25) 9.1E-01 
YHR043C DOG2 19.8 (5) 22.4 (5) 6.9E-01 - - - 19.8 (5) 22.4 (5) 6.9E-01 
YDR273W DON1 19.8 (5) 29 (5) 4.2E-01 - - - 19.8 (5) 29 (5) 4.2E-01 
YDR068W DOS2 27.4 (20) 26.9 (30) 8.0E-01 - - - 27.4 (20) 26.9 (30) 8.0E-01 
YDR121W DPB4 25.9 (10) 29.6 (10) 3.3E-01 - - - 25.9 (10) 29.6 (10) 3.3E-01 
YDR294C DPL1 23.4 (25) 27.6 (25) 2.0E-01 - - - 23.4 (25) 27.6 (25) 2.0E-01 
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YDR284C DPP1 31.7 (20) 25.9 (55) 2.4E-01 - - - 31.7 (20) 25.9 (55) 2.4E-01 
YHR143W DSE2 15.4 (5) 22.4 (5) 9.5E-02 - - - 15.4 (5) 22.4 (5) 9.5E-02 
YNR067C DSE4 27.1 (20) 26.9 (30) 9.4E-01 - - - 27.1 (20) 26.9 (30) 9.4E-01 
YKR054C DYN1 20.1 (30) 23.5 (50) 1.2E-01 - - - 20.1 (30) 23.5 (50) 1.2E-01 
YHR132C ECM14 22.2 (5) 22.4 (5) 9.8E-01 - - - 22.2 (5) 22.4 (5) 9.8E-01 
YDR125C ECM18 26.2 (20) 29.6 (20) 4.9E-01 - - - 26.2 (20) 29.6 (20) 4.9E-01 
YLR390W ECM19 23.2 (20) 24.4 (20) 6.5E-01 - - - 23.2 (20) 24.4 (20) 6.5E-01 
YLR436C ECM30 28.1 (20) 26.9 (30) 7.2E-01 - - - 28.1 (20) 26.9 (30) 7.2E-01 
YER176W ECM32 28.4 (25) 25.4 (35) 4.8E-01 - - - 28.4 (25) 25.4 (35) 4.8E-01 
YLR443W ECM7 13 (5) 28.8 (5) 9.5E-02 - - - 13 (5) 28.8 (5) 9.5E-02 
YOR133W EFT1 17.8 (15) 23.8 (25) 1.5E-02 - - - 17.8 (15) 23.8 (25) 1.5E-02 
YOR144C ELG1 25 (5) 32.8 (5) 3.8E-01 - - - 25 (5) 32.8 (5) 3.8E-01 
YDR512C EMI1 23.7 (30) 25.3 (40) 3.4E-01 - - - 23.7 (30) 25.3 (40) 3.4E-01 
YIL005W EPS1 24.4 (5) 29 (5) 6.9E-01 - - - 24.4 (5) 29 (5) 6.9E-01 
YHR123W EPT1 24.4 (15) 25 (25) 6.3E-01 - - - 24.4 (15) 25 (25) 6.3E-01 
YHR110W ERP5 15.6 (5) 22.4 (5) 2.5E-01 - - - 15.6 (5) 22.4 (5) 2.5E-01 
YDR261C EXG2 19.8 (5) 29 (5) 2.2E-01 - - - 19.8 (5) 29 (5) 2.2E-01 
YMR052W FAR3 26.8 (15) 23.7 (15) 6.3E-01 - - - 26.8 (15) 23.7 (15) 6.3E-01 
YER183C FAU1 24.8 (20) 24.4 (20) 8.1E-01 - - - 24.8 (20) 24.4 (20) 8.1E-01 
YLR377C FBP1 26.4 (45) 24.5 (95) 3.9E-01 - - - 26.4 (45) 24.5 (95) 3.9E-01 
YMR058W FET3 22 (10) 22.7 (10) 1.0E+00 - - - 22 (10) 22.7 (10) 1.0E+00 
YDR130C FIN1 19.9 (10) 29.6 (10) 3.7E-02 - - - 19.9 (10) 29.6 (10) 3.7E-02 
YIL131C FKH1 29.9 (20) 24.8 (25) 1.1E-01 - - - 29.9 (20) 24.8 (25) 1.1E-01 
YAR050W FLO1 21 (5) 28.8 (5) 4.1E-01 - - - 21 (5) 28.8 (5) 4.1E-01 
YER182W FMP10 23.2 (20) 24.4 (20) 3.8E-01 - - - 23.2 (20) 24.4 (20) 3.8E-01 
YDR070C FMP16 18.6 (10) 29.6 (10) 7.2E-03 - - - 18.6 (10) 29.6 (10) 7.2E-03 
YKR065C FMP18 18.8 (5) 29 (5) 3.1E-01 - - - 18.8 (5) 29 (5) 3.1E-01 
YLR454W FMP27 22.7 (20) 26.9 (30) 1.1E-01 - - - 22.7 (20) 26.9 (30) 1.1E-01 
YDR493W FMP36 22 (25) 25.4 (35) 7.6E-02 - - - 22 (25) 25.4 (35) 7.6E-02 
YKR049C FMP46 23.1 (20) 28.4 (35) 1.5E-02 - - - 23.1 (20) 28.4 (35) 1.5E-02 
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YBR262C FMP51 17.3 (10) 29.6 (10) 1.7E-03 - - - 17.3 (10) 29.6 (10) 1.7E-03 
YDR110W FOB1 31.9 (1770) 25.8 (1750) 1.8E-55 31.8 (140) 28.1 (100) 2.1E-02 31.9 (1910) 25.9 (1850) 2.0E-56 
YLR449W FPR4 28.6 (25) 24.2 (25) 1.4E-01 - - - 28.6 (25) 24.2 (25) 1.4E-01 
YNR060W FRE4 22.2 (5) 28.8 (5) 6.9E-01 - - - 22.2 (5) 28.8 (5) 6.9E-01 
YCL058C FYV5 21 (5) 28.8 (5) 6.9E-01 - - - 21 (5) 28.8 (5) 6.9E-01 
YOR178C GAC1 23.3 (10) 29.3 (10) 1.5E-01 - - - 23.3 (10) 29.3 (10) 1.5E-01 
YFL021W  GAT1 25.4 (25) 23.9 (45) 7.3E-01 - - - 25.4 (25) 23.9 (45) 7.3E-01 
YDR283C GCN2 25.6 (375) 27.4 (445) 9.8E-03 23.1 (140) 27.8 (180) 7.5E-06 24.9 (515) 27.5 (625) 5.4E-06 
YOR120W GCY1 26.5 (15) 25.1 (20) 3.3E-01 - - - 26.5 (15) 25.1 (20) 3.3E-01 
YHR108W GGA2 26.6 (15) 25 (25) 4.9E-01 - - - 26.6 (15) 25 (25) 4.9E-01 
YHR061C GIC1 24.4 (5) 22.4 (5) 7.3E-01 - - - 24.4 (5) 22.4 (5) 7.3E-01 
YDR309C GIC2 24 (5) 29 (5) 5.5E-01 - - - 24 (5) 29 (5) 5.5E-01 
YDR096W GIS1 31.2 (90) 25.2 (90) 2.5E-04 - - - 31.2 (90) 25.2 (90) 2.5E-04 
YKR058W GLG1 25.8 (5) 29 (5) 8.3E-01 - - - 25.8 (5) 29 (5) 8.3E-01 
YER040W GLN3 20.6 (45) 24.9 (45) 1.5E-02 - - - 20.6 (45) 24.9 (45) 1.5E-02 
YDR272W GLO2 21.4 (5) 29 (5) 3.4E-01 - - - 21.4 (5) 29 (5) 3.4E-01 
YHR183W GND1 24.2 (5) 22.4 (5) 8.4E-01 - - - 24.2 (5) 22.4 (5) 8.4E-01 
YBR244W GPX2 19.5 (10) 29.6 (10) 2.3E-02 - - - 19.5 (10) 29.6 (10) 2.3E-02 
YHR104W GRE3 18.6 (5) 22.4 (5) 6.0E-01 - - - 18.6 (5) 22.4 (5) 6.0E-01 
YDR098C GRX3 27.1 (15) 28.5 (15) 1.5E-01 - - - 27.1 (15) 28.5 (15) 1.5E-01 
YER174C GRX4 26.6 (10) 22.7 (10) 2.0E-01 - - - 26.6 (10) 22.7 (10) 2.0E-01 
YDR108W GSG1 24.7 (15) 28.5 (15) 8.1E-02 - - - 24.7 (15) 28.5 (15) 8.1E-02 
YDR295C HDA2 31.9 (20) 26.9 (35) 1.7E-01 - - - 31.9 (20) 26.9 (35) 1.7E-01 
YBR248C HIS7 24.9 (10) 29.6 (10) 2.9E-01 - - - 24.9 (10) 29.6 (10) 2.9E-01 
YLR450W HMG2 30 (25) 24.6 (25) 8.4E-02 - - - 30 (25) 24.6 (25) 8.4E-02 
YDR305C HNT2 23 (5) 29 (5) 5.9E-01 - - - 23 (5) 29 (5) 5.9E-01 
YDR258C HSP78 25.2 (10) 27.4 (10) 6.2E-01 - - - 25.2 (10) 27.4 (10) 6.2E-01 
YNR032CA HUB1 23.6 (5) 28.8 (5) 6.0E-01 - - - 23.6 (5) 28.8 (5) 6.0E-01 
YHR094C HXT1 17.4 (5) 22.4 (5) 2.9E-01 - - - 17.4 (5) 22.4 (5) 2.9E-01 
YHR092C HXT4 21.4 (5) 22.4 (5) 8.8E-01 - - - 21.4 (5) 22.4 (5) 8.8E-01 
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YOR126C IAH1 24.2 (5) 32.8 (5) 5.4E-01 - - - 24.2 (5) 32.8 (5) 5.4E-01 
YOR136W IDH2 31.1 (120) 26.1 (155) 5.7E-05 30 (80) 25.7 (100) 5.2E-03 30.6 (200) 25.9 (255) 1.1E-06 
YLR384C IKI3 27.5 (10) 22.7 (10) 3.4E-01 - - - 27.5 (10) 22.7 (10) 3.4E-01 
YLR432W IMD3 24.8 (20) 26.9 (30) 4.3E-01 - - - 24.8 (20) 26.9 (30) 4.3E-01 
YHR046C INM1 36.1 (20) 23.2 (25) 8.1E-04 22.7 (40) 25.3 (60) 3.2E-02 27.2 (60) 24.6 (85) 8.4E-01 
YDR123C INO2 25.5 (10) 29.6 (10) 2.0E-01 - - - 25.5 (10) 29.6 (10) 2.0E-01 
YIL002C INP51 30.1 (150) 26.6 (150) 4.1E-03 33.6 (140) 30.4 (140) 2.6E-02 31.8 (290) 28.4 (290) 1.4E-04 
YOR109W INP53 32 (45) 24.5 (45) 1.1E-03 32.8 (140) 29.8 (180) 5.1E-02 32.6 (185) 28.7 (225) 2.5E-03 
YDR315C IPK1 36.6 (20) 25.9 (55) 1.4E-03 25.6 (40) 25.3 (60) 8.3E-01 29.3 (60) 25.6 (115) 9.9E-02 
YDR072C IPT1 20.6 (10) 29.6 (10) 2.5E-02 - - - 20.6 (10) 29.6 (10) 2.5E-02 
YHR079C IRE1 27 (145) 27.8 (145) 6.2E-01 - - - 27 (145) 27.8 (145) 6.2E-01 
YER180C ISC10 22.9 (15) 23.7 (15) 7.2E-01 - - - 22.9 (15) 23.7 (15) 7.2E-01 
YBR245C ISW1 18.8 (10) 29.6 (10) 2.1E-02 - - - 18.8 (10) 29.6 (10) 2.1E-02 
YHR158C KEL1 27.7 (30) 23.8 (65) 1.4E-01 23 (20) 23.7 (20) 6.5E-01 25.8 (50) 23.7 (85) 5.0E-01 
YDR122W KIN1 24.4 (40) 25.9 (40) 7.0E-01 - - - 24.4 (40) 25.9 (40) 7.0E-01 
YHR082C KSP1 27.7 (15) 25 (25) 4.2E-01 - - - 27.7 (15) 25 (25) 4.2E-01 
YOR099W KTR1 23.5 (10) 29.3 (10) 2.7E-01 - - - 23.5 (10) 29.3 (10) 2.7E-01 
YKR061W KTR2 15.4 (5) 29 (5) 1.5E-01 - - - 15.4 (5) 29 (5) 1.5E-01 
YIL085C KTR7 26.6 (20) 24.4 (20) 5.0E-01 - - - 26.6 (20) 24.4 (20) 5.0E-01 
YOR171C LCB4 29.9 (20) 25.4 (65) 1.6E-01 - - - 29.9 (20) 25.4 (65) 1.6E-01 
YOR123C LEO1 26.7 (15) 27 (25) 6.3E-01 - - - 26.7 (15) 27 (25) 6.3E-01 
YOR108W LEU9 27.3 (15) 27 (25) 1.0E+00 - - - 27.3 (15) 27 (25) 1.0E+00 
YHR156C LIN1 34.5 (15) 25 (25) 2.4E-02 27.7 (40) 25.3 (60) 3.5E-01 29.6 (55) 25.2 (85) 2.6E-02 
YHR081W LRP1 24.4 (5) 22.4 (5) 6.0E-01 - - - 24.4 (5) 22.4 (5) 6.0E-01 
YOR142W LSC1 23.9 (10) 29.3 (10) 2.9E-01 - - - 23.9 (10) 29.3 (10) 2.9E-01 
YGR057C LST7 18.4 (5) 32.8 (5) 8.7E-02 - - - 18.4 (5) 32.8 (5) 8.7E-02 
YAL024C LTE1 27.9 (15) 23.7 (15) 3.3E-01 - - - 27.9 (15) 23.7 (15) 3.3E-01 
YIL094C LYS12 29.5 (45) 25.1 (80) 1.7E-01 27.1 (80) 27.7 (120) 4.9E-01 28 (125) 26.6 (200) 4.7E-01 
YNR050C LYS9 31.2 (20) 24.8 (50) 2.4E-02 27.3 (40) 25.3 (60) 8.4E-01 28.6 (60) 25 (110) 8.1E-02 
YLR427W MAG2 23.8 (5) 28.8 (5) 8.6E-01 - - - 23.8 (5) 28.8 (5) 8.6E-01 
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YBR299W MAL32 23.8 (10) 22.7 (10) 1.0E+00 - - - 23.8 (10) 22.7 (10) 1.0E+00 
YDR318W MCM21 28.8 (20) 26.9 (35) 6.9E-01 - - - 28.8 (20) 26.9 (35) 6.9E-01 
YBR227C MCX1 20 (10) 29.6 (10) 5.3E-02 - - - 20 (10) 29.6 (10) 5.3E-02 
YLR368W MDM30 28.7 (20) 23.8 (20) 2.0E-01 - - - 28.7 (20) 23.8 (20) 2.0E-01 
YGR100W MDR1 23.8 (5) 32.8 (5) 3.1E-01 - - - 23.8 (5) 32.8 (5) 3.1E-01 
YGR121C MEP1 24.3 (10) 29.3 (10) 2.1E-01 - - - 24.3 (10) 29.3 (10) 2.1E-01 
YDR253C MET32 28.7 (15) 29.1 (20) 5.1E-01 - - - 28.7 (15) 29.1 (20) 5.1E-01 
YDR461W MFA1 23.3 (20) 24.4 (20) 6.5E-01 - - - 23.3 (20) 24.4 (20) 6.5E-01 
YDR296W MHR1 23 (5) 29 (5) 4.6E-01 - - - 23 (5) 29 (5) 4.6E-01 
YHR015W MIP6 20.8 (5) 22.4 (5) 8.4E-01 - - - 20.8 (5) 22.4 (5) 8.4E-01 
YDR245W MNN10 32.5 (20) 25.9 (55) 1.1E-01 31.3 (20) 27.7 (40) 1.3E-01 31.9 (40) 26.7 (95) 2.2E-02 
YNR059W MNT4 23.8 (5) 28.8 (5) 8.0E-01 - - - 23.8 (5) 28.8 (5) 8.0E-01 
YOR177C MPC54 32.7 (25) 28.4 (25) 1.6E-01 - - - 32.7 (25) 28.4 (25) 1.6E-01 
YGR084C MRP13 24.6 (5) 32.8 (5) 4.0E-01 - - - 24.6 (5) 32.8 (5) 4.0E-01 
YDR116C MRPL1 23.5 (10) 29.6 (10) 6.9E-02 - - - 23.5 (10) 29.6 (10) 6.9E-02 
YDR322W MRPL35 22.4 (5) 29 (5) 4.1E-01 - - - 22.4 (5) 29 (5) 4.1E-01 
YML009C MRPL39 21.4 (20) 26.9 (30) 3.2E-02 - - - 21.4 (20) 26.9 (30) 3.2E-02 
YDR337W MRPS28 34.3 (15) 29.4 (15) 3.3E-01 - - - 34.3 (15) 29.4 (15) 3.3E-01 
YKR052C MRS4 19.1 (20) 27.2 (25) 3.3E-03 - - - 19.1 (20) 27.2 (25) 3.3E-03 
YHR039C MSC7 18.6 (5) 22.4 (5) 4.5E-01 - - - 18.6 (5) 22.4 (5) 4.5E-01 
YDR097C MSH6 30.7 (20) 26.2 (30) 1.2E-01 - - - 30.7 (20) 26.2 (30) 1.2E-01 
YDR335W MSN5 29.1 (15) 29.4 (15) 8.2E-01 - - - 29.1 (15) 29.4 (15) 8.2E-01 
YDR268W MSW1 35 (35) 26.9 (35) 2.8E-03 30.2 (20) 21.3 (20) 1.2E-02 33.2 (55) 24.8 (55) 1.1E-04 
YDR277C MTH1 28.9 (30) 28.4 (35) 8.9E-01 - - - 28.9 (30) 28.4 (35) 8.9E-01 
YGR055W MUP1 24.3 (15) 27 (25) 3.6E-01 - - - 24.3 (15) 27 (25) 3.6E-01 
YHR086W NAM8 24.9 (25) 22.5 (45) 3.4E-01 - - - 24.9 (25) 22.5 (45) 3.4E-01 
YKR048C NAP1 24.6 (45) 27.2 (45) 6.3E-02 - - - 24.6 (45) 27.2 (45) 6.3E-02 
YHR124W NDT80 24.2 (5) 22.4 (5) 6.6E-01 - - - 24.2 (5) 22.4 (5) 6.6E-01 
YOR156C NFI1 23.1 (10) 29.3 (10) 2.6E-01 - - - 23.1 (10) 29.3 (10) 2.6E-01 
YKR103W NFT1 26.1 (20) 26.1 (25) 9.5E-01 - - - 26.1 (20) 26.1 (25) 9.5E-01 
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YKR104W NFT1 22.4 (5) 28.8 (5) 6.0E-01 - - - 22.4 (5) 28.8 (5) 6.0E-01 
YLR351C NIT3 27.8 (20) 24.4 (20) 2.5E-01 - - - 27.8 (20) 24.4 (20) 2.5E-01 
YHR077C NMD2 24 (5) 22.4 (5) 1.0E+00 - - - 24 (5) 22.4 (5) 1.0E+00 
YLR363C NMD4 29.5 (25) 24 (55) 3.3E-02 16.9 (40) 21.1 (20) 2.5E-02 21.8 (65) 23.2 (75) 1.1E-01 
YHR133C NSG1 24.6 (5) 22.4 (5) 7.5E-01 - - - 24.6 (5) 22.4 (5) 7.5E-01 
YIL136W OM45 31.2 (35) 25.4 (35) 1.3E-01 19.2 (40) 21.1 (20) 3.7E-01 24.8 (75) 23.8 (55) 9.1E-01 
YLR350W ORM2 22.6 (10) 22.7 (10) 7.0E-01 - - - 22.6 (10) 22.7 (10) 7.0E-01 
YOR130C ORT1 27.8 (25) 28.4 (25) 3.8E-01 - - - 27.8 (25) 28.4 (25) 3.8E-01 
YHR073W OSH3 24.3 (15) 25 (25) 4.3E-01 - - - 24.3 (15) 25 (25) 4.3E-01 
YHR179W OYE2 18.2 (5) 22.4 (5) 4.5E-01 - - - 18.2 (5) 22.4 (5) 4.5E-01 
YGR078C PAC10 21.3 (35) 26.2 (45) 3.8E-02 - - - 21.3 (35) 26.2 (45) 3.8E-02 
YMR174C PAI3 28.3 (25) 27.5 (35) 9.9E-01 - - - 28.3 (25) 27.5 (35) 9.9E-01 
YDR251W PAM1 29.9 (20) 26.9 (35) 2.2E-01 - - - 29.9 (20) 26.9 (35) 2.2E-01 
YLR461W PAU4 32.1 (20) 26.9 (30) 8.3E-02 - - - 32.1 (20) 26.9 (30) 8.3E-02 
YBR233W PBP2 24 (10) 29.6 (10) 1.2E-01 - - - 24 (10) 29.6 (10) 1.2E-01 
YKR097W PCK1 20.2 (5) 28.8 (5) 2.6E-01 - - - 20.2 (5) 28.8 (5) 2.6E-01 
YGR101W PCP1 16.8 (5) 32.8 (5) 9.5E-02 - - - 16.8 (5) 32.8 (5) 9.5E-02 
YER178W PDA1 18.7 (40) 23.2 (70) 5.3E-03 - - - 18.7 (40) 23.2 (70) 5.3E-03 
YGR087C PDC6 23.8 (5) 32.8 (5) 4.0E-01 - - - 23.8 (5) 32.8 (5) 4.0E-01 
YOR153W PDR5 23.1 (10) 29.3 (10) 2.1E-01 - - - 23.1 (10) 29.3 (10) 2.1E-01 
YDR323C PEP7 24.5 (10) 27.4 (10) 6.2E-01 - - - 24.5 (10) 27.4 (10) 6.2E-01 
YDR079W PET100 25.2 (10) 29.6 (10) 3.1E-01 - - - 25.2 (10) 29.6 (10) 3.1E-01 
YJR034W PET191 23 (15) 23.7 (15) 5.5E-01 - - - 23 (15) 23.7 (15) 5.5E-01 
YDR265W PEX10 26.8 (25) 28.1 (25) 7.2E-01 - - - 26.8 (25) 28.1 (25) 7.2E-01 
YHR160C PEX18 22.6 (5) 22.4 (5) 7.9E-01 - - - 22.6 (5) 22.4 (5) 7.9E-01 
YDR329C PEX3 22.8 (5) 29 (5) 3.4E-01 - - - 22.8 (5) 29 (5) 3.4E-01 
YDR244W PEX5 27.3 (20) 26.9 (35) 8.7E-01 25.7 (20) 28.7 (20) 4.0E-01 26.5 (40) 27.5 (55) 6.5E-01 
YGR077C PEX8 19.6 (5) 32.8 (5) 1.7E-01 - - - 19.6 (5) 32.8 (5) 1.7E-01 
YDR281C PHM6 29.7 (20) 26.9 (35) 3.0E-01 - - - 29.7 (20) 26.9 (35) 3.0E-01 
YDR313C PIB1 34.9 (55) 27.9 (55) 5.3E-04 28.4 (100) 26.8 (120) 3.4E-01 30.7 (155) 27.2 (175) 3.0E-03 
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YHR034W PIH1 19.2 (5) 22.4 (5) 4.0E-01 - - - 19.2 (5) 22.4 (5) 4.0E-01 
YOR104W PIN2 23.6 (5) 32.8 (5) 4.2E-01 - - - 23.6 (5) 32.8 (5) 4.2E-01 
YDR276C PMP3 28.6 (15) 29.1 (20) 9.9E-01 - - - 28.6 (15) 29.1 (20) 9.9E-01 
YIL122W POG1 21.1 (15) 23.7 (15) 2.7E-01 - - - 21.1 (15) 23.7 (15) 2.7E-01 
YHR075C PPE1 25.7 (15) 25 (25) 6.8E-01 - - - 25.7 (15) 25 (25) 6.8E-01 
YDR075W PPH3 23.8 (10) 29.6 (10) 4.4E-02 - - - 23.8 (10) 29.6 (10) 4.4E-02 
YDR300C PRO1 28.8 (20) 26.9 (35) 9.5E-01 - - - 28.8 (20) 26.9 (35) 9.5E-01 
YDR055W PST1 25.3 (15) 28.5 (15) 2.0E-01 - - - 25.3 (15) 28.5 (15) 2.0E-01 
YLR376C PSY3 23.6 (15) 23.7 (15) 9.5E-01 - - - 23.6 (15) 23.7 (15) 9.5E-01 
YER089C PTC2 21.8 (15) 23.7 (15) 3.2E-01 - - - 21.8 (15) 23.7 (15) 3.2E-01 
YHR076W PTC7 24 (5) 22.4 (5) 9.4E-01 - - - 24 (5) 22.4 (5) 9.4E-01 
YKR093W PTR2 26.8 (20) 26.1 (25) 5.8E-01 26.2 (20) 30.9 (20) 9.3E-02 26.5 (40) 28.2 (45) 4.3E-01 
YHR037W PUT2 22 (5) 22.4 (5) 1.0E+00 - - - 22 (5) 22.4 (5) 1.0E+00 
YKR090W PXL1 23.2 (5) 28.8 (5) 1.0E+00 - - - 23.2 (5) 28.8 (5) 1.0E+00 
YER173W RAD24 20 (10) 22.7 (10) 4.3E-01 - - - 20 (10) 22.7 (10) 4.3E-01 
YDR076W RAD55 12 (10) 29.6 (10) 6.6E-04 - - - 12 (10) 29.6 (10) 6.6E-04 
YOR101W RAS1 30.6 (60) 26.7 (75) 3.8E-02 21.5 (40) 23.8 (40) 4.2E-01 26.9 (100) 25.7 (115) 4.3E-01 
YHR157W REC104 26.9 (15) 25 (25) 7.6E-01 - - - 26.9 (15) 25 (25) 7.6E-01 
YBR260C RGD1 24.6 (10) 29.6 (10) 1.6E-01 - - - 24.6 (10) 29.6 (10) 1.6E-01 
YOR107W RGS2 34.2 (25) 25.3 (25) 2.3E-03 23.1 (40) 25.3 (60) 1.3E-01 27.3 (65) 25.3 (85) 5.1E-01 
YLR453C RIF2 23.7 (20) 26.9 (30) 2.7E-01 - - - 23.7 (20) 26.9 (30) 2.7E-01 
YDR255C RMD5 27.5 (15) 27.1 (15) 7.7E-01 - - - 27.5 (15) 27.1 (15) 7.7E-01 
YDR257C RMS1 27.5 (45) 26.4 (45) 8.3E-01 - - - 27.5 (45) 26.4 (45) 8.3E-01 
YDR279W RNH202 25.1 (15) 29.1 (20) 9.5E-02 - - - 25.1 (15) 29.1 (20) 9.5E-02 
YGR070W ROM1 24.9 (20) 25.9 (65) 4.8E-01 - - - 24.9 (20) 25.9 (65) 4.8E-01 
YLR371W ROM2 38 (50) 25.5 (50) 1.8E-08 29.3 (40) 25.3 (60) 4.7E-02 34.2 (90) 25.4 (110) 1.0E-08 
YBR229C ROT2 23.1 (10) 29.6 (10) 1.4E-01 - - - 23.1 (10) 29.6 (10) 1.4E-01 
YGR085C RPL11B 27.6 (25) 25 (45) 6.1E-01 - - - 27.6 (25) 25 (45) 6.1E-01 
YLR344W RPL26A 26.8 (40) 24.3 (65) 2.8E-01 - - - 26.8 (40) 24.3 (65) 2.8E-01 
YDL075W RPL31A 34.8 (455) 26 (375) 6.0E-21 37.6 (120) 25.7 (180) 5.0E-17 35.4 (575) 25.9 (555) 1.8E-34 
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YDR500C RPL37B 31.5 (40) 23.3 (55) 1.2E-04 29.7 (80) 24.4 (80) 3.8E-03 30.3 (120) 23.9 (135) 6.9E-06 
YLR448W RPL6B 29.6 (130) 26 (170) 2.9E-03 33.5 (40) 25.3 (60) 1.1E-04 30.5 (170) 25.8 (230) 9.8E-06 
YLR441C RPS1A 29.9 (50) 27 (70) 3.7E-01 26 (40) 25.3 (60) 6.0E-01 28.1 (90) 26.2 (130) 7.1E-01 
YKR057W RPS21A 28.5 (40) 26.4 (95) 5.9E-01 27.4 (60) 26.4 (80) 9.9E-01 27.9 (100) 26.4 (175) 7.6E-01 
YLR367W RPS22B 26.4 (35) 25 (75) 8.3E-01 23.3 (40) 25.3 (60) 9.0E-02 24.7 (75) 25.1 (135) 2.9E-01 
YGR118W RPS23A 26.8 (45) 26.4 (65) 3.4E-01 - - - 26.8 (45) 26.4 (65) 3.4E-01 
YHR021C RPS27B 21.2 (35) 27 (45) 4.2E-03 - - - 21.2 (35) 27 (45) 4.2E-03 
YOR167C RPS28A 26.7 (35) 26.4 (45) 6.8E-01 - - - 26.7 (35) 26.4 (45) 6.8E-01 
YLR388W RPS29A 24.1 (40) 24.9 (70) 8.4E-01 19.7 (20) 24.2 (20) 9.0E-02 22.6 (60) 24.7 (90) 1.7E-01 
YOR182C RPS30B 24.3 (15) 28.8 (25) 1.7E-01 - - - 24.3 (15) 28.8 (25) 1.7E-01 
YHR038W RRF1 23.8 (5) 22.4 (5) 6.4E-01 - - - 23.8 (5) 22.4 (5) 6.4E-01 
YHR031C RRM3 18.2 (25) 25.7 (45) 3.9E-04 22.8 (20) 30.7 (40) 4.7E-02 20.2 (45) 28 (85) 1.6E-04 
YDR083W RRP8 29.5 (40) 27.4 (50) 5.8E-01 22.6 (40) 21.1 (20) 5.9E-01 26 (80) 25.6 (70) 9.6E-01 
YGR056W RSC1 28 (25) 25.3 (25) 4.5E-01 - - - 28 (25) 25.3 (25) 4.5E-01 
YLR357W RSC2 20.4 (10) 22.7 (10) 5.4E-01 - - - 20.4 (10) 22.7 (10) 5.4E-01 
YDR289C RTT103 24.3 (15) 29.1 (20) 9.5E-02 - - - 24.3 (15) 29.1 (20) 9.5E-02 
YHR154W RTT107 18.3 (15) 25 (25) 4.2E-02 - - - 18.3 (15) 25 (25) 4.2E-02 
YOR138C RUP1 21.8 (5) 32.8 (5) 3.1E-01 - - - 21.8 (5) 32.8 (5) 3.1E-01 
YDR129C SAC6 14.7 (30) 25.8 (60) 2.4E-05 - - - 14.7 (30) 25.8 (60) 2.4E-05 
YDR502C SAM2 26.3 (35) 24.5 (35) 5.4E-01 - - - 26.3 (35) 24.5 (35) 5.4E-01 
YHR103W SBE22 24.4 (15) 25 (25) 7.9E-01 - - - 24.4 (15) 25 (25) 7.9E-01 
YOR165W SEY1 16.6 (5) 32.8 (5) 1.1E-01 - - - 16.6 (5) 32.8 (5) 1.1E-01 
YOR140W SFL1 23.9 (25) 28.4 (25) 8.5E-02 - - - 23.9 (25) 28.4 (25) 8.5E-02 
YBR258C SHG1 22.5 (10) 29.6 (10) 3.4E-02 - - - 22.5 (10) 29.6 (10) 3.4E-02 
YBR263W SHM1 28.5 (15) 28.5 (15) 6.9E-01 - - - 28.5 (15) 28.5 (15) 6.9E-01 
YDR078C SHU2 24.8 (10) 29.6 (10) 3.3E-01 - - - 24.8 (10) 29.6 (10) 3.3E-01 
YGR112W SHY1 14.8 (5) 32.8 (5) 5.6E-02 - - - 14.8 (5) 32.8 (5) 5.6E-02 
YOR137C SIA1 29.8 (25) 28.4 (25) 9.6E-01 - - - 29.8 (25) 28.4 (25) 9.6E-01 
YMR175W SIP18 18.6 (20) 28.2 (30) 5.6E-04 - - - 18.6 (20) 28.2 (30) 5.6E-04 
YKR101W SIR1 19.4 (5) 28.8 (5) 4.6E-01 - - - 19.4 (5) 28.8 (5) 4.6E-01 
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YDL047W SIT4 25.9 (80) 28.3 (85) 2.3E-01 - - - 25.9 (80) 28.3 (85) 2.3E-01 
YDR515W SLF1 25.5 (20) 24.4 (20) 9.4E-01 - - - 25.5 (20) 24.4 (20) 9.4E-01 
YHR030C SLT2 24.2 (45) 27 (45) 8.6E-02 - - - 24.2 (45) 27 (45) 8.6E-02 
YBR228W SLX1 25.9 (35) 24.1 (40) 5.1E-01 - - - 25.9 (35) 24.1 (40) 5.1E-01 
YGR081C SLX9 22.2 (10) 29.3 (10) 1.8E-01 - - - 22.2 (10) 29.3 (10) 1.8E-01 
YHR050W SMF2 23.9 (25) 26.3 (25) 1.1E-01 - - - 23.9 (25) 26.3 (25) 1.1E-01 
YDR477W SNF1 38.8 (40) 25.5 (40) 2.4E-06 26.1 (100) 27 (120) 3.5E-01 29.8 (140) 26.6 (160) 4.9E-02 
YDR073W SNF11 30.5 (30) 28.4 (30) 6.9E-01 - - - 30.5 (30) 28.4 (30) 6.9E-01 
YHR163W SOL3 28.9 (15) 25 (25) 7.5E-01 - - - 28.9 (15) 25 (25) 7.5E-01 
YAL047C SPC72 4 (5) 28.8 (5) 7.9E-03 - - - 4 (5) 28.8 (5) 7.9E-03 
YHR136C SPL2 15.6 (5) 22.4 (5) 1.3E-01 - - - 15.6 (5) 22.4 (5) 1.3E-01 
YHR152W SPO12 24.2 (5) 22.4 (5) 1.0E+00 - - - 24.2 (5) 22.4 (5) 1.0E+00 
YHR014W SPO13 28.3 (35) 26.5 (45) 4.1E-01 - - - 28.3 (35) 26.5 (45) 4.1E-01 
YHR153C SPO16 17 (5) 22.4 (5) 3.1E-01 - - - 17 (5) 22.4 (5) 3.1E-01 
YDR104C SPO71 27.3 (15) 30.1 (20) 3.9E-01 - - - 27.3 (15) 30.1 (20) 3.9E-01 
YGR059W SPR3 28.8 (25) 25.3 (25) 2.4E-01 - - - 28.8 (25) 25.3 (25) 2.4E-01 
YHR139C SPS100 27.5 (15) 25 (25) 9.6E-01 - - - 27.5 (15) 25 (25) 9.6E-01 
YGR104C SRB5 22.2 (5) 32.8 (5) 2.1E-01 - - - 22.2 (5) 32.8 (5) 2.1E-01 
YKR091W SRL3 18.4 (5) 28.8 (5) 2.5E-01 - - - 18.4 (5) 28.8 (5) 2.5E-01 
YKR092C SRP40 22.6 (25) 24.2 (25) 6.1E-01 - - - 22.6 (25) 24.2 (25) 6.1E-01 
YDR293C SSD1 26.7 (105) 27.5 (105) 4.9E-01 - - - 26.7 (105) 27.5 (105) 4.9E-01 
YHR066W SSF1 38.5 (20) 24.6 (65) 2.1E-03 27.4 (40) 25.3 (60) 3.3E-01 31.1 (60) 24.9 (125) 6.1E-03 
YDR312W SSF2 22.3 (10) 27.4 (10) 4.7E-01 - - - 22.3 (10) 27.4 (10) 4.7E-01 
YLR452C SST2 31 (25) 25.7 (25) 6.8E-02 22.7 (40) 21.1 (20) 3.9E-01 25.9 (65) 23.6 (45) 3.0E-01 
YMR053C STB2 29 (40) 24.4 (40) 3.1E-01 20.6 (60) 21.2 (40) 5.2E-01 24 (100) 22.8 (80) 8.8E-01 
YHR178W STB5 20.2 (5) 22.4 (5) 4.0E-01 - - - 20.2 (5) 22.4 (5) 4.0E-01 
YLR362W STE11 22.7 (45) 24.9 (50) 1.6E-01 23.1 (20) 30.9 (20) 6.8E-03 22.8 (65) 26.6 (70) 1.2E-02 
YLR389C STE23 24.2 (15) 23.7 (15) 9.5E-01 - - - 24.2 (15) 23.7 (15) 9.5E-01 
YLR375W STP3 24.8 (25) 25.4 (35) 2.4E-01 - - - 24.8 (25) 25.4 (35) 2.4E-01 
YMR054W STV1 24.1 (25) 25.7 (40) 4.6E-01 - - - 24.1 (25) 25.7 (40) 4.6E-01 
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YDR310C SUM1 23.7 (10) 27.4 (10) 4.5E-01 - - - 23.7 (10) 27.4 (10) 4.5E-01 
YDR297W SUR2 29.8 (25) 25.9 (25) 6.8E-02 - - - 29.8 (25) 25.9 (25) 6.8E-02 
YLR372W SUR4 27.6 (35) 24.5 (35) 3.6E-01 - - - 27.6 (35) 24.5 (35) 3.6E-01 
YDR320C SWA2 26.2 (15) 29.1 (20) 2.9E-01 - - - 26.2 (15) 29.1 (20) 2.9E-01 
YDR126W SWF1 19.7 (20) 27.8 (30) 2.0E-03 - - - 19.7 (20) 27.8 (30) 2.0E-03 
YDR260C SWM1 31.1 (20) 26.9 (35) 1.9E-01 - - - 31.1 (20) 26.9 (35) 1.9E-01 
YOR179C SYC1 28.3 (25) 28.4 (25) 8.6E-01 - - - 28.3 (25) 28.4 (25) 8.6E-01 
YLR354C TAL1 29.2 (45) 24.5 (95) 1.3E-02 - - - 29.2 (45) 24.5 (95) 1.3E-02 
YBR223C TDP1 22.4 (10) 29.6 (10) 1.8E-01 - - - 22.4 (10) 29.6 (10) 1.8E-01 
YBR240C THI2 32.5 (30) 28.4 (30) 3.4E-01 - - - 32.5 (30) 28.4 (30) 3.4E-01 
YHR167W THP2 19 (5) 22.4 (5) 3.1E-01 - - - 19 (5) 22.4 (5) 3.1E-01 
YKR059W TIF1 30.1 (75) 26.7 (85) 2.5E-02 27.2 (120) 23.8 (100) 6.6E-03 28.3 (195) 25.1 (185) 1.3E-03 
YDR105C TMS1 23.9 (10) 29.6 (10) 1.5E-01 - - - 23.9 (10) 29.6 (10) 1.5E-01 
YER175C TMT1 23.8 (65) 25 (75) 1.1E-01 - - - 23.8 (65) 25 (75) 1.1E-01 
YMR060C TOM37 17.2 (5) 28.8 (5) 4.2E-01 - - - 17.2 (5) 28.8 (5) 4.2E-01 
YHR117W TOM71 24.6 (5) 22.4 (5) 6.9E-01 - - - 24.6 (5) 22.4 (5) 6.9E-01 
YJR066W TOR1 32.9 (470) 24.7 (480) 1.9E-30 30.7 (40) 25.3 (60) 3.7E-03 32.7 (510) 24.8 (540) 2.5E-32 
YGR096W TPC1 21.7 (25) 28.4 (25) 1.4E-02 - - - 21.7 (25) 28.4 (25) 1.4E-02 
YKR050W TRK2 16.6 (5) 29 (5) 2.4E-01 - - - 16.6 (5) 29 (5) 2.4E-01 
YDR120C TRM1 22.5 (10) 29.6 (10) 1.5E-01 - - - 22.5 (10) 29.6 (10) 1.5E-01 
YKR056W TRM2 22.8 (10) 27.4 (10) 3.6E-01 - - - 22.8 (10) 27.4 (10) 3.6E-01 
YHR106W TRR2 26.3 (25) 26.3 (25) 9.1E-01 - - - 26.3 (25) 26.3 (25) 9.1E-01 
YOR115C TRS33 25.3 (10) 29.3 (10) 4.5E-01 - - - 25.3 (10) 29.3 (10) 4.5E-01 
YLR425W TUS1 17.6 (5) 28.8 (5) 2.1E-01 - - - 17.6 (5) 28.8 (5) 2.1E-01 
YDR100W TVP15 15.6 (10) 29.6 (10) 1.1E-03 - - - 15.6 (10) 29.6 (10) 1.1E-03 
YDR084C TVP23 21.4 (10) 29.6 (10) 1.2E-02 - - - 21.4 (10) 29.6 (10) 1.2E-02 
YKR088C TVP38 24.4 (5) 28.8 (5) 1.0E+00 - - - 24.4 (5) 28.8 (5) 1.0E+00 
YGR080W TWF1 17.4 (5) 32.8 (5) 5.6E-02 - - - 17.4 (5) 32.8 (5) 5.6E-02 
YHR111W UBA4 20 (5) 22.4 (5) 7.4E-01 - - - 20 (5) 22.4 (5) 7.4E-01 
YDR092W UBC13 22.2 (10) 29.6 (10) 1.6E-01 - - - 22.2 (10) 29.6 (10) 1.6E-01 
 214
YDR059C UBC5 22.2 (10) 29.6 (10) 1.7E-01 - - - 22.2 (10) 29.6 (10) 1.7E-01 
YKR098C UBP11 21.6 (5) 28.8 (5) 5.7E-01 - - - 21.6 (5) 28.8 (5) 5.7E-01 
YOR124C UBP2 28.5 (15) 27 (25) 6.0E-01 - - - 28.5 (15) 27 (25) 6.0E-01 
YML021C UNG1 15.8 (5) 28.8 (5) 1.7E-01 - - - 15.8 (5) 28.8 (5) 1.7E-01 
YGR072W UPF3 24.6 (25) 26.7 (25) 2.5E-01 - - - 24.6 (25) 26.7 (25) 2.5E-01 
YNL229C URE2 31.9 (25) 24.6 (45) 1.2E-03 30.6 (40) 25.3 (60) 2.1E-02 31.1 (65) 25 (105) 3.7E-04 
YKR060W UTP30 20.6 (5) 29 (5) 3.9E-01 - - - 20.6 (5) 29 (5) 3.9E-01 
YLR386W VAC14 18.5 (10) 22.7 (10) 3.4E-01 - - - 18.5 (10) 22.7 (10) 3.4E-01 
YOR106W VAM3 14.4 (5) 32.8 (5) 3.2E-02 - - - 14.4 (5) 32.8 (5) 3.2E-02 
YDR247W VHS1 34 (20) 25.9 (55) 2.6E-02 25.4 (40) 25.3 (60) 4.0E-01 28.2 (60) 25.6 (115) 4.3E-01 
YLR373C VID22 12.2 (10) 22.7 (10) 3.4E-02 - - - 12.2 (10) 22.7 (10) 3.4E-02 
YGR105W VMA21 10.7 (14) 24.9 (45) 2.7E-06 - - - 10.7 (14) 24.9 (45) 2.7E-06 
YHR060W VMA22 12.6 (5) 22.4 (5) 5.6E-02 - - - 12.6 (5) 22.4 (5) 5.6E-02 
YLR447C VMA6 12 (5) 28.8 (5) 3.2E-02 - - - 12 (5) 28.8 (5) 3.2E-02 
YOR132W VPS17 25.8 (5) 32.8 (5) 4.5E-01 - - - 25.8 (5) 32.8 (5) 4.5E-01 
YLR360W VPS38 29.3 (25) 25.4 (35) 5.5E-01 - - - 29.3 (25) 25.4 (35) 5.5E-01 
YDR080W VPS41 16.7 (10) 29.6 (10) 4.5E-03 - - - 16.7 (10) 29.6 (10) 4.5E-03 
YJR044C VPS55 26.8 (20) 24.4 (20) 7.6E-01 - - - 26.8 (20) 24.4 (20) 7.6E-01 
YHR134W WSS1 14.2 (5) 22.4 (5) 1.5E-01 - - - 14.2 (5) 22.4 (5) 1.5E-01 
YAL058CA YAL058CA 23.6 (5) 28.8 (5) 9.5E-01 - - - 23.6 (5) 28.8 (5) 9.5E-01 
YHR161C YAP1801 25.7 (15) 25 (25) 7.3E-01 - - - 25.7 (15) 25 (25) 7.3E-01 
YDR259C YAP6 24.1 (10) 27.4 (10) 5.7E-01 - - - 24.1 (10) 27.4 (10) 5.7E-01 
YBR224W YBR224W 24.3 (10) 29.6 (10) 1.7E-01 - - - 24.3 (10) 29.6 (10) 1.7E-01 
YBR225W YBR225W 17.6 (10) 29.6 (10) 2.5E-02 - - - 17.6 (10) 29.6 (10) 2.5E-02 
YBR226C YBR226C 31.8 (20) 29.6 (20) 4.9E-01 - - - 31.8 (20) 29.6 (20) 4.9E-01 
YBR230C YBR230C 21.4 (10) 29.6 (10) 1.5E-01 - - - 21.4 (10) 29.6 (10) 1.5E-01 
YBR235W YBR235W 24.3 (10) 29.6 (10) 6.8E-02 - - - 24.3 (10) 29.6 (10) 6.8E-02 
YBR238C YBR238C 34.9 (20) 27.9 (20) 1.3E-02 33.9 (40) 25.3 (60) 1.9E-03 34.2 (60) 25.9 (80) 4.4E-05 
YBR239C YBR239C 24.1 (10) 29.6 (10) 3.6E-01 - - - 24.1 (10) 29.6 (10) 3.6E-01 
YBR241C YBR241C 23.8 (10) 29.6 (10) 2.4E-01 - - - 23.8 (10) 29.6 (10) 2.4E-01 
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YBR242W YBR242W 27.7 (25) 26.6 (30) 5.7E-01 - - - 27.7 (25) 26.6 (30) 5.7E-01 
YBR246W YBR246W 25 (10) 29.6 (10) 3.1E-01 - - - 25 (10) 29.6 (10) 3.1E-01 
YBR250W YBR250W 25.5 (10) 29.6 (10) 2.7E-01 - - - 25.5 (10) 29.6 (10) 2.7E-01 
YBR255W YBR255W 34.1 (20) 25.5 (50) 1.7E-03 31.6 (40) 25.3 (60) 2.1E-03 32.4 (60) 25.3 (110) 1.3E-05 
YBR259W YBR259W 27.1 (30) 28.4 (30) 4.5E-01 - - - 27.1 (30) 28.4 (30) 4.5E-01 
YBR261C YBR261C 33.1 (20) 27.9 (20) 1.8E-01 - - - 33.1 (20) 27.9 (20) 1.8E-01 
YBR266C YBR266C 37.3 (80) 27.3 (80) 1.4E-07 - - - 37.3 (80) 27.3 (80) 1.4E-07 
YBR267W YBR267W 37.5 (50) 27.3 (50) 4.6E-05 - - - 37.5 (50) 27.3 (50) 4.6E-05 
YHR135C YCK1 23.4 (5) 22.4 (5) 6.9E-01 - - - 23.4 (5) 22.4 (5) 6.9E-01 
YCL006C YCL006C 31.5 (25) 25.1 (55) 3.2E-02 - - - 31.5 (25) 25.1 (55) 3.2E-02 
YCL022C YCL022C 22 (5) 28.8 (5) 4.6E-01 - - - 22 (5) 28.8 (5) 4.6E-01 
YCL023C YCL023C 31.7 (10) 28.5 (10) 4.3E-01 - - - 31.7 (10) 28.5 (10) 4.3E-01 
YCL074W YCL074W 17.8 (5) 28.8 (5) 3.8E-01 - - - 17.8 (5) 28.8 (5) 3.8E-01 
YCL075W YCL075W 28.4 (30) 26.9 (30) 7.5E-01 - - - 28.4 (30) 26.9 (30) 7.5E-01 
YCL076W YCL076W 23 (5) 28.8 (5) 6.9E-01 - - - 23 (5) 28.8 (5) 6.9E-01 
YDL061W YDL061W 25.5 (10) 22.7 (10) 4.3E-01 - - - 25.5 (10) 22.7 (10) 4.3E-01 
YDR049W YDR049W 22.4 (10) 29.6 (10) 4.5E-02 - - - 22.4 (10) 29.6 (10) 4.5E-02 
YDR051C YDR051C 22.1 (10) 29.6 (10) 5.3E-02 - - - 22.1 (10) 29.6 (10) 5.3E-02 
YDR056C YDR056C 28.7 (20) 26.9 (30) 7.8E-01 - - - 28.7 (20) 26.9 (30) 7.8E-01 
YDR061W YDR061W 25.1 (10) 29.6 (10) 2.7E-01 - - - 25.1 (10) 29.6 (10) 2.7E-01 
YDR063W YDR063W 23.8 (10) 29.6 (10) 6.9E-02 - - - 23.8 (10) 29.6 (10) 6.9E-02 
YDR065W YDR065W 15.6 (10) 29.6 (10) 2.8E-03 - - - 15.6 (10) 29.6 (10) 2.8E-03 
YDR066C YDR066C 27.5 (15) 28.5 (15) 9.7E-01 - - - 27.5 (15) 28.5 (15) 9.7E-01 
YDR067C YDR067C 25.6 (10) 29.6 (10) 5.2E-01 - - - 25.6 (10) 29.6 (10) 5.2E-01 
YDR089W YDR089W 20.8 (10) 29.6 (10) 3.4E-02 - - - 20.8 (10) 29.6 (10) 3.4E-02 
YDR090C YDR090C 25 (20) 27.6 (35) 1.0E-01 - - - 25 (20) 27.6 (35) 1.0E-01 
YDR094W YDR094W 23.6 (10) 29.6 (10) 1.4E-01 - - - 23.6 (10) 29.6 (10) 1.4E-01 
YDR095C YDR095C 20.1 (10) 29.6 (10) 3.6E-03 - - - 20.1 (10) 29.6 (10) 3.6E-03 
YDR102C YDR102C 26.7 (20) 29.6 (20) 2.3E-01 - - - 26.7 (20) 29.6 (20) 2.3E-01 
YDR107C YDR107C 24.7 (10) 29.6 (10) 4.5E-01 - - - 24.7 (10) 29.6 (10) 4.5E-01 
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YDR109C YDR109C 25 (10) 29.6 (10) 2.0E-01 - - - 25 (10) 29.6 (10) 2.0E-01 
YDR112W YDR112W 20.9 (10) 29.6 (10) 4.5E-02 - - - 20.9 (10) 29.6 (10) 4.5E-02 
YDR117C YDR117C 23.2 (10) 29.6 (10) 1.7E-01 - - - 23.2 (10) 29.6 (10) 1.7E-01 
YDR119W YDR119W 29.4 (25) 29.9 (30) 7.7E-01 - - - 29.4 (25) 29.9 (30) 7.7E-01 
YDR124W YDR124W 35.4 (20) 27.9 (20) 1.5E-02 22.6 (40) 25.3 (60) 8.2E-02 26.8 (60) 25.9 (80) 9.2E-01 
YDR128W YDR128W 19.6 (10) 29.6 (10) 8.0E-03 - - - 19.6 (10) 29.6 (10) 8.0E-03 
YDR131C YDR131C 24.7 (10) 29.6 (10) 1.6E-01 - - - 24.7 (10) 29.6 (10) 1.6E-01 
YDR132C YDR132C 17.9 (10) 29.6 (10) 1.0E-02 - - - 17.9 (10) 29.6 (10) 1.0E-02 
YDR133C YDR133C 22.9 (10) 29.6 (10) 1.2E-01 - - - 22.9 (10) 29.6 (10) 1.2E-01 
YDR134C YDR134C 19.8 (10) 29.6 (10) 1.0E-02 - - - 19.8 (10) 29.6 (10) 1.0E-02 
YDR248C YDR248C 34.6 (25) 29.5 (25) 2.5E-02 24 (40) 25.3 (60) 2.4E-01 28.1 (65) 26.5 (85) 4.6E-01 
YDR249C YDR249C 25 (15) 29.1 (20) 6.6E-02 - - - 25 (15) 29.1 (20) 6.6E-02 
YDR250C YDR250C 33.5 (30) 28.4 (35) 5.1E-02 - - - 33.5 (30) 28.4 (35) 5.1E-02 
YDR262W YDR262W 21.4 (5) 29 (5) 4.6E-01 - - - 21.4 (5) 29 (5) 4.6E-01 
YDR266C YDR266C 30.4 (20) 26.9 (35) 3.0E-01 - - - 30.4 (20) 26.9 (35) 3.0E-01 
YDR274C YDR274C 35.6 (30) 28.4 (35) 8.7E-03 19.7 (40) 21.1 (20) 2.1E-01 26.5 (70) 25.7 (55) 8.0E-01 
YDR278C YDR278C 34.1 (15) 29.4 (15) 3.8E-01 - - - 34.1 (15) 29.4 (15) 3.8E-01 
YDR282C YDR282C 17 (5) 29 (5) 9.5E-02 - - - 17 (5) 29 (5) 9.5E-02 
YDR286C YDR286C 28 (20) 26.9 (35) 8.3E-01 - - - 28 (20) 26.9 (35) 8.3E-01 
YDR287W YDR287W 10 (5) 29 (5) 3.2E-02 - - - 10 (5) 29 (5) 3.2E-02 
YDR291W YDR291W 18.6 (5) 29 (5) 2.5E-01 - - - 18.6 (5) 29 (5) 2.5E-01 
YDR306C YDR306C 27.8 (20) 26.9 (35) 6.5E-01 - - - 27.8 (20) 26.9 (35) 6.5E-01 
YDR307W YDR307W 35.1 (20) 26.9 (35) 5.6E-03 23.2 (40) 23.8 (40) 7.1E-01 27.2 (60) 25.2 (75) 4.7E-01 
YDR314C YDR314C 35.9 (15) 29.4 (15) 4.5E-01 29.7 (20) 21.3 (20) 4.7E-03 32.4 (35) 24.7 (35) 1.1E-02 
YDR316W YDR316W 16.8 (5) 29 (5) 1.5E-01 - - - 16.8 (5) 29 (5) 1.5E-01 
YDR317W YDR317W 28.1 (20) 26.9 (35) 6.7E-01 - - - 28.1 (20) 26.9 (35) 6.7E-01 
YDR319C YDR319C 30.7 (20) 26.9 (35) 3.4E-01 - - - 30.7 (20) 26.9 (35) 3.4E-01 
YDR326C YDR326C 28.4 (25) 25.4 (35) 4.0E-01 - - - 28.4 (25) 25.4 (35) 4.0E-01 
YDR330W YDR330W 25.4 (5) 29 (5) 1.0E+00 - - - 25.4 (5) 29 (5) 1.0E+00 
YDR333C YDR333C 19.2 (5) 29 (5) 2.1E-01 - - - 19.2 (5) 29 (5) 2.1E-01 
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YDR334W YDR334W 24.1 (30) 26.9 (30) 1.1E-01 - - - 24.1 (30) 26.9 (30) 1.1E-01 
YDR336W YDR336W 26.8 (25) 27.6 (25) 6.8E-01 - - - 26.8 (25) 27.6 (25) 6.8E-01 
YDR417C YDR417C 28.5 (20) 22.7 (20) 6.2E-02 - - - 28.5 (20) 22.7 (20) 6.2E-02 
YDR444W YDR444W 27.3 (10) 22.7 (10) 3.8E-01 - - - 27.3 (10) 22.7 (10) 3.8E-01 
YDR506C YDR506C 27.3 (30) 25.3 (40) 5.1E-01 - - - 27.3 (30) 25.3 (40) 5.1E-01 
YER181C YER181C 27.6 (25) 24 (55) 3.1E-01 - - - 27.6 (25) 24 (55) 3.1E-01 
YER184C YER184C 21.2 (10) 22.7 (10) 4.0E-01 - - - 21.2 (10) 22.7 (10) 4.0E-01 
YER185W YER185W 25.6 (20) 24.4 (20) 9.9E-01 - - - 25.6 (20) 24.4 (20) 9.9E-01 
YER186C YER186C 31.6 (25) 24 (55) 8.0E-03 24.4 (40) 25.3 (60) 3.3E-01 27.2 (65) 24.7 (115) 2.8E-01 
YER187W YER187W 32.8 (35) 25.4 (35) 2.5E-02 24 (40) 25.3 (60) 1.4E-01 28.1 (75) 25.3 (95) 5.1E-01 
YGL199C YGL199C 21.2 (10) 25.1 (10) 3.2E-01 - - - 21.2 (10) 25.1 (10) 3.2E-01 
YGL214W YGL214W 31.7 (25) 27.1 (35) 2.0E-01 - - - 31.7 (25) 27.1 (35) 2.0E-01 
YGL217C YGL217C 30.2 (25) 27.1 (35) 3.5E-01 - - - 30.2 (25) 27.1 (35) 3.5E-01 
YGL235W YGL235W 32.6 (25) 27.1 (35) 4.0E-02 - - - 32.6 (25) 27.1 (35) 4.0E-02 
YGR011W YGR011W 26.8 (25) 27.1 (35) 8.1E-01 - - - 26.8 (25) 27.1 (35) 8.1E-01 
YGR018C YGR018C 25.7 (10) 28.5 (10) 8.8E-01 - - - 25.7 (10) 28.5 (10) 8.8E-01 
YGR022C YGR022C 23.7 (10) 28.5 (10) 6.0E-01 - - - 23.7 (10) 28.5 (10) 6.0E-01 
YGR054W YGR054W 23.7 (10) 29.3 (10) 2.9E-01 - - - 23.7 (10) 29.3 (10) 2.9E-01 
YGR058W YGR058W 19.8 (5) 32.8 (5) 1.6E-01 - - - 19.8 (5) 32.8 (5) 1.6E-01 
YGR064W YGR064W 27.4 (25) 28.4 (25) 8.5E-01 - - - 27.4 (25) 28.4 (25) 8.5E-01 
YGR066C YGR066C 25.5 (20) 25.9 (65) 3.5E-01 - - - 25.5 (20) 25.9 (65) 3.5E-01 
YGR067C YGR067C 27.2 (15) 27 (25) 9.7E-01 - - - 27.2 (15) 27 (25) 9.7E-01 
YGR068C YGR068C 26.6 (25) 25.3 (25) 8.2E-01 - - - 26.6 (25) 25.3 (25) 8.2E-01 
YGR069W YGR069W 27.8 (25) 25.3 (25) 2.1E-01 - - - 27.8 (25) 25.3 (25) 2.1E-01 
YGR071C YGR071C 13.8 (5) 32.8 (5) 3.2E-02 - - - 13.8 (5) 32.8 (5) 3.2E-02 
YGR079W YGR079W 22.6 (10) 29.3 (10) 1.2E-01 - - - 22.6 (10) 29.3 (10) 1.2E-01 
YGR107W YGR107W 29.8 (25) 25.3 (25) 3.5E-01 - - - 29.8 (25) 25.3 (25) 3.5E-01 
YGR111W YGR111W 22.2 (5) 32.8 (5) 2.9E-01 - - - 22.2 (5) 32.8 (5) 2.9E-01 
YGR122W YGR122W 23.9 (10) 29.3 (10) 2.9E-01 - - - 23.9 (10) 29.3 (10) 2.9E-01 
YHR022C YHR022C 21.8 (5) 22.4 (5) 8.4E-01 - - - 21.8 (5) 22.4 (5) 8.4E-01 
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YHR029C YHR029C 21 (5) 22.4 (5) 5.1E-01 - - - 21 (5) 22.4 (5) 5.1E-01 
YHR033W YHR033W 23.8 (5) 22.4 (5) 8.7E-01 - - - 23.8 (5) 22.4 (5) 8.7E-01 
YHR035W YHR035W 22 (5) 22.4 (5) 9.4E-01 - - - 22 (5) 22.4 (5) 9.4E-01 
YHR048W YHR048W 23.6 (5) 22.4 (5) 8.9E-01 - - - 23.6 (5) 22.4 (5) 8.9E-01 
YHR049CA YHR049CA 24.4 (5) 22.4 (5) 4.8E-01 - - - 24.4 (5) 22.4 (5) 4.8E-01 
YHR049W YHR049W 23.8 (5) 22.4 (5) 9.5E-01 - - - 23.8 (5) 22.4 (5) 9.5E-01 
YHR078W YHR078W 21 (5) 22.4 (5) 1.0E+00 - - - 21 (5) 22.4 (5) 1.0E+00 
YHR080C YHR080C 23.8 (5) 22.4 (5) 7.3E-01 - - - 23.8 (5) 22.4 (5) 7.3E-01 
YHR087W YHR087W 23.1 (15) 25 (25) 5.1E-01 - - - 23.1 (15) 25 (25) 5.1E-01 
YHR095W YHR095W 16.8 (5) 22.4 (5) 1.5E-01 - - - 16.8 (5) 22.4 (5) 1.5E-01 
YHR096W YHR096W 26.5 (15) 25 (25) 9.2E-01 - - - 26.5 (15) 25 (25) 9.2E-01 
YHR097C YHR097C 26.8 (15) 25 (25) 4.4E-01 - - - 26.8 (15) 25 (25) 4.4E-01 
YHR100C YHR100C 15 (5) 22.4 (5) 2.2E-01 - - - 15 (5) 22.4 (5) 2.2E-01 
YHR112C YHR112C 24.6 (5) 22.4 (5) 6.0E-01 - - - 24.6 (5) 22.4 (5) 6.0E-01 
YHR113W YHR113W 28.6 (20) 24.6 (65) 2.4E-01 - - - 28.6 (20) 24.6 (65) 2.4E-01 
YHR115C YHR115C 20.2 (5) 22.4 (5) 7.4E-01 - - - 20.2 (5) 22.4 (5) 7.4E-01 
YHR116W YHR116W 10 (5) 22.4 (5) 1.6E-02 - - - 10 (5) 22.4 (5) 1.6E-02 
YHR121W YHR121W 24.4 (5) 22.4 (5) 7.4E-01 - - - 24.4 (5) 22.4 (5) 7.4E-01 
YHR125W YHR125W 20.6 (5) 22.4 (5) 6.5E-01 - - - 20.6 (5) 22.4 (5) 6.5E-01 
YHR126C YHR126C 19 (25) 26.3 (25) 2.9E-03 - - - 19 (25) 26.3 (25) 2.9E-03 
YHR130C YHR130C 35 (30) 24.7 (35) 1.1E-04 23.7 (40) 25.3 (60) 2.1E-01 28.6 (70) 25 (95) 1.0E-01 
YHR138C YHR138C 28 (25) 26.3 (25) 3.0E-01 - - - 28 (25) 26.3 (25) 3.0E-01 
YHR139CA YHR139CA 27.5 (15) 25 (25) 3.1E-01 - - - 27.5 (15) 25 (25) 3.1E-01 
YHR151C YHR151C 27.2 (30) 24.7 (35) 4.6E-01 - - - 27.2 (30) 24.7 (35) 4.6E-01 
YHR155W YHR155W 19.4 (5) 22.4 (5) 6.0E-01 - - - 19.4 (5) 22.4 (5) 6.0E-01 
YHR159W YHR159W 22 (5) 22.4 (5) 8.9E-01 - - - 22 (5) 22.4 (5) 8.9E-01 
YHR182W YHR182W 17.2 (5) 22.4 (5) 2.9E-01 - - - 17.2 (5) 22.4 (5) 2.9E-01 
YIL001W YIL001W 31.8 (25) 27.6 (25) 1.5E-01 - - - 31.8 (25) 27.6 (25) 1.5E-01 
YIL056W YIL056W 21 (10) 22.7 (10) 6.5E-01 - - - 21 (10) 22.7 (10) 6.5E-01 
YIL102C YIL102C 26.5 (25) 25.2 (25) 8.2E-01 - - - 26.5 (25) 25.2 (25) 8.2E-01 
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YIL158W YIL158W 23.8 (25) 25.4 (35) 2.4E-01 - - - 23.8 (25) 25.4 (35) 2.4E-01 
YJR039W YJR039W 25 (10) 22.7 (10) 3.6E-01 - - - 25 (10) 22.7 (10) 3.6E-01 
YKR045C YKR045C 28.2 (20) 28.4 (35) 7.3E-01 - - - 28.2 (20) 28.4 (35) 7.3E-01 
YKR047W YKR047W 23.2 (5) 29 (5) 6.5E-01 - - - 23.2 (5) 29 (5) 6.5E-01 
YKR051W YKR051W 25.4 (5) 29 (5) 8.8E-01 - - - 25.4 (5) 29 (5) 8.8E-01 
YKR064W YKR064W 25.6 (20) 28.4 (35) 1.3E-01 - - - 25.6 (20) 28.4 (35) 1.3E-01 
YKR087C YKR087C 9.2 (5) 28.8 (5) 1.6E-02 - - - 9.2 (5) 28.8 (5) 1.6E-02 
YKR089C YKR089C 23.3 (20) 26.9 (30) 1.1E-01 - - - 23.3 (20) 26.9 (30) 1.1E-01 
YKR100C YKR100C 20.8 (5) 28.8 (5) 5.8E-01 - - - 20.8 (5) 28.8 (5) 5.8E-01 
YKR105C YKR105C 29.3 (20) 24.8 (50) 8.3E-02 21.2 (40) 21.1 (20) 9.7E-01 23.9 (60) 23.7 (70) 9.9E-01 
YLR262CA YLR262CA 29.8 (20) 26.9 (30) 3.3E-01 - - - 29.8 (20) 26.9 (30) 3.3E-01 
YLR345W YLR345W 19.2 (15) 23.7 (15) 1.2E-01 - - - 19.2 (15) 23.7 (15) 1.2E-01 
YLR349W YLR349W 30.1 (25) 25.4 (35) 1.4E-01 - - - 30.1 (25) 25.4 (35) 1.4E-01 
YLR352W YLR352W 23.4 (25) 24 (55) 8.2E-01 - - - 23.4 (25) 24 (55) 8.2E-01 
YLR356W YLR356W 19 (10) 22.7 (10) 3.0E-01 - - - 19 (10) 22.7 (10) 3.0E-01 
YLR364W YLR364W 27.6 (25) 25.4 (35) 4.5E-01 - - - 27.6 (25) 25.4 (35) 4.5E-01 
YLR365W YLR365W 23.8 (15) 23.7 (15) 7.4E-01 - - - 23.8 (15) 23.7 (15) 7.4E-01 
YLR366W YLR366W 30.9 (30) 25.5 (40) 8.5E-02 - - - 30.9 (30) 25.5 (40) 8.5E-02 
YLR374C YLR374C 19 (10) 22.7 (10) 7.6E-01 - - - 19 (10) 22.7 (10) 7.6E-01 
YLR385C YLR385C 26.4 (25) 25.4 (35) 7.7E-01 - - - 26.4 (25) 25.4 (35) 7.7E-01 
YLR387C YLR387C 25.9 (25) 25.4 (35) 6.1E-01 - - - 25.9 (25) 25.4 (35) 6.1E-01 
YLR422W YLR422W 33.9 (30) 26.9 (30) 2.4E-02 20.8 (40) 21.1 (20) 7.0E-01 26.4 (70) 24.5 (50) 6.5E-01 
YLR426W YLR426W 18.6 (25) 25.8 (25) 7.6E-03 - - - 18.6 (25) 25.8 (25) 7.6E-03 
YLR428C YLR428C 28.2 (20) 26.9 (30) 7.7E-01 - - - 28.2 (20) 26.9 (30) 7.7E-01 
YLR434C YLR434C 22.8 (5) 28.8 (5) 4.5E-01 - - - 22.8 (5) 28.8 (5) 4.5E-01 
YLR437C YLR437C 21.8 (20) 26.9 (30) 5.0E-02 - - - 21.8 (20) 26.9 (30) 5.0E-02 
YLR444C YLR444C 23.4 (20) 26.9 (30) 1.1E-01 - - - 23.4 (20) 26.9 (30) 1.1E-01 
YLR445W YLR445W 13 (5) 28.8 (5) 3.2E-02 - - - 13 (5) 28.8 (5) 3.2E-02 
YLR446W YLR446W 24.2 (5) 28.8 (5) 6.9E-01 - - - 24.2 (5) 28.8 (5) 6.9E-01 
YLR456W YLR456W 21.6 (5) 28.8 (5) 5.2E-01 - - - 21.6 (5) 28.8 (5) 5.2E-01 
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YLR460C YLR460C 19.5 (20) 26.9 (30) 7.2E-03 - - - 19.5 (20) 26.9 (30) 7.2E-03 
YML010CB YML010CB 23.9 (30) 26.9 (30) 2.4E-01 - - - 23.9 (30) 26.9 (30) 2.4E-01 
YMR052CA YMR052CA 26.2 (25) 25.4 (35) 8.9E-01 - - - 26.2 (25) 25.4 (35) 8.9E-01 
YMR057C YMR057C 28.2 (25) 24 (55) 4.4E-01 - - - 28.2 (25) 24 (55) 4.4E-01 
YMR158CB YMR158CB 19.6 (5) 28.8 (5) 2.9E-01 - - - 19.6 (5) 28.8 (5) 2.9E-01 
YMR194CA YMR194CA 21.4 (5) 28.8 (5) 6.9E-01 - - - 21.4 (5) 28.8 (5) 6.9E-01 
YMR326C YMR326C 15.6 (5) 28.8 (5) 1.3E-01 - - - 15.6 (5) 28.8 (5) 1.3E-01 
YNR061C YNR061C 26.9 (20) 26.9 (30) 4.6E-01 - - - 26.9 (20) 26.9 (30) 4.6E-01 
YNR062C YNR062C 23.4 (20) 26.9 (30) 1.2E-01 - - - 23.4 (20) 26.9 (30) 1.2E-01 
YNR063W YNR063W 22.4 (5) 28.8 (5) 6.8E-01 - - - 22.4 (5) 28.8 (5) 6.8E-01 
YNR064C YNR064C 18.2 (5) 28.8 (5) 3.3E-01 - - - 18.2 (5) 28.8 (5) 3.3E-01 
YNR066C YNR066C 14 (5) 28.8 (5) 4.0E-02 - - - 14 (5) 28.8 (5) 4.0E-02 
YNR068C YNR068C 12.4 (5) 28.8 (5) 5.6E-02 - - - 12.4 (5) 28.8 (5) 5.6E-02 
YOR008CA YOR008CA 29.2 (20) 26.9 (30) 1.9E-01 - - - 29.2 (20) 26.9 (30) 1.9E-01 
YOR097C YOR097C 30.6 (25) 25.3 (25) 2.2E-01 - - - 30.6 (25) 25.3 (25) 2.2E-01 
YOR105W YOR105W 25.3 (25) 25.3 (25) 8.2E-01 - - - 25.3 (25) 25.3 (25) 8.2E-01 
YOR111W YOR111W 28.3 (40) 25.4 (85) 2.3E-01 32.1 (20) 31 (40) 7.2E-01 29.5 (60) 27.2 (125) 2.1E-01 
YOR112W YOR112W 25.8 (25) 25.3 (25) 9.4E-01 - - - 25.8 (25) 25.3 (25) 9.4E-01 
YOR114W YOR114W 25.8 (5) 32.8 (5) 5.5E-01 - - - 25.8 (5) 32.8 (5) 5.5E-01 
YOR118W YOR118W 28.6 (20) 25.9 (65) 6.0E-01 - - - 28.6 (20) 25.9 (65) 6.0E-01 
YOR121C YOR121C 21.2 (5) 32.8 (5) 2.2E-01 - - - 21.2 (5) 32.8 (5) 2.2E-01 
YOR129C YOR129C 18 (5) 32.8 (5) 1.3E-01 - - - 18 (5) 32.8 (5) 1.3E-01 
YOR131C YOR131C 23.7 (10) 29.3 (10) 3.6E-01 - - - 23.7 (10) 29.3 (10) 3.6E-01 
YOR135C YOR135C 31 (20) 25.4 (65) 7.3E-02 - - - 31 (20) 25.4 (65) 7.3E-02 
YOR139C YOR139C 25.6 (10) 29.3 (10) 5.0E-01 - - - 25.6 (10) 29.3 (10) 5.0E-01 
YOR152C YOR152C 21.8 (5) 32.8 (5) 1.3E-01 - - - 21.8 (5) 32.8 (5) 1.3E-01 
YOR154W YOR154W 25.6 (5) 32.8 (5) 3.8E-01 - - - 25.6 (5) 32.8 (5) 3.8E-01 
YOR161C YOR161C 22.9 (10) 29.3 (10) 1.6E-01 - - - 22.9 (10) 29.3 (10) 1.6E-01 
YOR164C YOR164C 22.6 (5) 32.8 (5) 3.1E-01 - - - 22.6 (5) 32.8 (5) 3.1E-01 
YOR166C YOR166C 33.7 (25) 28.4 (25) 6.3E-02 - - - 33.7 (25) 28.4 (25) 6.3E-02 
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YOR170W YOR170W 23.3 (10) 29.3 (10) 2.1E-01 - - - 23.3 (10) 29.3 (10) 2.1E-01 
YOR175C YOR175C 22.9 (10) 29.3 (10) 9.6E-02 - - - 22.9 (10) 29.3 (10) 9.6E-02 
YDR057W YOS9 26.2 (90) 29 (90) 9.5E-03 - - - 26.2 (90) 29 (90) 9.5E-03 
YBR264C YPT10 25 (30) 26.5 (30) 6.0E-01 - - - 25 (30) 26.5 (30) 6.0E-01 
YHR105W YPT35 28.8 (25) 24.6 (65) 4.1E-01 - - - 28.8 (25) 24.6 (65) 4.1E-01 
YOR172W YRM1 30.6 (25) 28.4 (25) 5.4E-01 - - - 30.6 (25) 28.4 (25) 5.4E-01 
YOR162C YRR1 29.7 (20) 29 (35) 7.1E-01 - - - 29.7 (20) 29 (35) 7.1E-01 
YNR065C YSN1 24.8 (5) 28.8 (5) 8.9E-01 - - - 24.8 (5) 28.8 (5) 8.9E-01 
YDR285W ZIP1 28.3 (20) 27.2 (25) 8.8E-01 21.2 (20) 29.7 (20) 2.7E-02 24.7 (40) 28.3 (45) 8.9E-02 
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Jim Ray Jusay Managbanag 
2125 Billstone Place 
Midlothian, VA 23112 
(804) 794 6692 
managbanag@comcast.net 
 
Citizenship: United States 
Country of Birth: Republic of the Philippines 
 
 
Professional Experience 
 
March 2003-Present. Laboratory Director, AmeriSci Bio-Chem. Midlothian, VA. 
• Serves as technical Director and Senior Microbiologist of an Industrial 
Microbiology, Environmental Microbiology, Food Safety analysis, and DNA 
sequencing Laboratory 
• Expanded laboratory service from microscopy to present services that include 
DNA analysis, Food Safety testing and Industrial Microbiology 
• Directed accreditation to ISO 17025 by AIHA for Environmental Microbiology.  
Accredited in April 2004 
• Directed accreditation to ISO 17025 by A2LA for Food Testing (including 
AOAC Criteria). Accredited in September 2005 
• Implemented GLP 
• Directed state water testing certification (EPA coliform) 
• Conducts research in rapid ID of bacterial pathogens using DNA technology 
(PCR, Sequencing) 
 
February 2002 – January 2003.  Laboratory Director, EMSL Analytical. Greensboro, 
NC 
• Duties and tasks similar to present  
 
May 1998 – February 2004. Microbiologist. American Type Culture Collection, 
ATCC.  Manassas, VA 
• Performed accession, authentication, and preservation of mycological reference 
standards 
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• Conducted research in the area of systematics and phylogeny using advanced 
molecular techniques  
• Authored and edited papers for publications in refereed journals 
 
Educational Background 
• Ph.D. Integrative Life Science. Virginia Commonwealth University, Richmond, 
VA.  Graduated 2008 
• M.S. Biology. George Mason University. Fairfax, VA.  Graduated 2001.  
• B.A. Biology. George Mason University. Fairfax, VA. Graduated 1991. 
 
Publications 
• An Analysis of Trehalose, Glycerol, and Mannitol accumulation during heat and 
osmotic stress in a salt marsh isolate of Aureobasidium pullulans.  JR 
Managbanag and AP Torzilli. Mycologia (V. 94, May-June 2002) 
• Comparative analysis of common indoor Cladosporium species based on 
molecular data and conidial characters. HG Park, JR Managbanag, EK 
Stamenova, S-C Jong. 2004. Mycotaxon 89(2): 441-451. 
• Shortest-Path Network Analysis is A Useful Approach toward Identifying 
Genetic Determinants of Longevity. JR Managbanag, TA Witten, DG Bonchev, 
Lindsey Fox, M Tsuchiya, Brian Kennedy, M Kaeberlein.  PLoS One (In Press).  
 
Other Experiences 
• United States Navy Veteran 
• Fluent in Tagalog and Cebuano (Filipino dialects) 
• C++ , Basic, PERL, R,  Pathway Studio, Ingenuity, Unix, GC-MS, Sequencing, 
PCR, HPLC, Light Microscopy, Cloning, Culture propagation 
• Accomplished jazz pianist and recording artist 
 
